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SUMMARY 
The ever-growing quantities of leftover materials and their management costs, strict regulations 
declared for landfilling of leftover materials, shortage of landfill spaces, and scarcity of natural earth 
materials highlight the urgent need to investigate sustainable options for the recycling and reusing of 
leftover materials.  
Biosolids are solid and treated organic residual by-products from the wastewater treatment process 
and are available for beneficial use in accordance with relevant regulations. The production of 
biosolids is increasing annually as a result of increasing water demand and wastewater generation in 
metropolitan areas throughout the world, which, consequently, presents an urgent need for landfill 
spaces to dispose of biosolids and other by-products. The State of Victoria, Australia, alone produces 
approximately 95,600 dry tonnes of biosolids annually on top of an approximated 2 million dry tonnes 
of existing biosolids, which involves a biosolids management cost of approximately A$90 million every 
year. In 2015, the total biosolids production in Australia and New Zealand was approximately 310,000 
and 77,000 dry tonnes, respectively. The State of Victoria produced approximately 89,900 dry tonnes 
of biosolids in 2015, which was 29% of the total biosolids production. Therefore, incorporating 
biosolids into building materials, for instance, fired-clay bricks, could be a win-win strategy for the 
comprehensive recycling of biosolids. 
Bricks are one of the longest-lasting and strongest manufactured building materials, and have been 
used over a long period of time. At present, bricks are the major cladding material for houses and are 
the forerunner of a wide range of clay products used in the construction industry. Due to their strength, 
reliability, weather resistance, flexibility in composition, simplicity, and durability, bricks are used 
extensively throughout the world. Due to a shortage of natural brick soil, brick production has been 
limited in some countries, such as China, in order to protect the virgin clay quarries. Therefore, 
innovative approaches to producing fired-clay bricks with fewer virgin resources are highly encouraged 
from the perspective of environmental protection and sustainable development. Attempts have been 
made to manufacture bricks incorporating various types of leftover materials, such as sludge, fly ash, 
wood sawdust, silica fume, cigarette butts, and polystyrene. The results of these studies have shown 
positive effects from the recycling of leftover materials into a ceramic body, such as lightweight bricks 
with higher thermal insulation properties. 
This thesis presents and discusses the possible reuse of biosolids in fired-clay bricks and the effect of 
incorporating biosolids on the compressive strength, density, and other physical and mechanical 
properties of bricks. In this study, biosolids from the stockpiles of the Eastern Treatment Plant (ETP) 
and Western Treatment Plant (WTP) in Melbourne were used to assess their suitability as a partial 
replacement material for clay in the formulation of fired-clay bricks. The major research outcome in this 
research is the establishment of a process for manufacturing fired-clay bricks incorporating biosolids. 
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Furthermore, the possible levels of environmental impacts, such as the leaching of heavy metals, 
emissions, and life cycle assessment (LCA) related to the biosolids-amended bricks were investigated. 
In order to achieve the aforementioned objectives, this study was conducted in three stages. 
In the first stage of the study, extensive laboratory experiments were conducted to investigate the 
geotechnical properties of different biosolids samples, as the existing knowledge is still limited in this 
context. The geotechnical properties, such as Atterberg limits, particle size distribution, linear 
shrinkage, specific gravity, and organic content, were determined. A series of standard Proctor 
compaction tests were carried out to investigate the variation in the maximum dry density and optimum 
moisture content of biosolids-soil mixtures with different percentages of biosolids. The chemical 
composition, mineral composition, and thermal analysis of all biosolids samples were determined 
using X-ray fluorescence (XRF), X-ray diffraction (XRD), and thermal gravimetric analysis (TGA), 
respectively. Thereafter, four sets of brick samples were manufactured incorporating 25% of three 
different ETP biosolids and one WTP biosolids. The physical and mechanical properties of biosolids-
amended bricks were tested to assess their suitability as a partial replacement material for the brick 
soil in fabricating clay bricks. Furthermore, all the properties of biosolids-amended bricks were 
compared with conventional bricks. 
In the second stage of the study, bricks were manufactured incorporating five different percentages (5, 
15, 25, 35, and 50%) of selected ETP biosolids, and the physical and mechanical properties of bricks 
were evaluated. In addition, the effects of the addition of ETP biosolids on the microstructure of the 
bricks were investigated by means of scanning electron micrographs. A novel method was 
implemented at the laboratory scale for measuring the energy consumption of bricks during the firing 
stage. Moreover, the leachate analysis was undertaken for the biosolids-amended bricks according to 
the Australian and US EPA standards. The leaching concentrations of toxic heavy metals were then 
compared with the respective regulatory limits. In addition, the effect on the physical and mechanical 
properties, energy consumption, and microstructure of biosolids-amended bricks of the organic 
content present in the brick mixture was investigated. As a final part of stage two, the multivariate 
statistical analysis was carried out to investigate the effect of organic content on the properties tested, 
and determine the variations and interdependency of the results. 
In addition, the effect on the properties of biosolids-amended bricks from a change in the heating rates 
for the firing was investigated. Higher heating rates can significantly reduce the firing time, which, 
consequently, reduces the energy demand for the firing process. Therefore, investigating the physical 
and mechanical properties of bricks at different heating rates would provide a better understanding of 
the use of a precise heating rate without compromising the properties of bricks. Therefore, the effect of 
incorporating different percentages (5, 10, 15, 20, and 25%) of WTP biosolids and the effect of heating 
rates (0.7, 1.0, 1.5, and 2.0 °Cmin
-1
) during the sintering process on the physical and mechanical 
properties of biosolids-amended bricks were investigated. 
In the third stage of this study, a new technique was developed and used for the measuring of 
gaseous emissions during the firing of bricks. The emission factors were then developed for CO, CO2, 
NO, HCN, and SO2 for ETP and WTP biosolids-amended bricks. Furthermore, in this stage, a 
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comparative Life Cycle Assesment (LCA) was carried to compare the environmental footprint between 
biosolids-amended bricks and conventional bricks. Potential environmental impacts, such as climate 
change, ozone depletion, acidification, human toxicity, terrestrial and marine ecotoxicity, urban land 
occupation, and water depletion, were analysed and compared through the ReCipe mid-point life cycle 
impact assessment (LCIA) method using SimaPro 8.0.5.13 software. In addition, the embodied energy 
of biosolids-amended bricks was determined and compared with conventional bricks made without 
biosolids. A sensitivity analysis was carried out to address the impact of the assumptions and 
variables used in the LCA model on the final comparative LCIA results. An uncertainty analysis was 
also carried out by employing the Monte-Carlo simulation, which develops the probabilistic model for 
each environmental impact by using the uncertainty of data propagated through the use of the 
pedigree matrix.  
Overall, the experimental results and LCA results found in this study were promising and encouraging 
for the recycling of biosolids into fired-clay bricks. The findings of this study showed that the biosolids 
could be used as a promising alternative raw material to the natural brick soil in producing fired-clay 
bricks. The incorporation of biosolids produced bricks with higher porosity, lower density, better 
thermal insulation properties, and acceptable compressive strength. Also, it was found that the 
percentage of organic content present in the brick mixture has a significant effect on the physical and 
mechanical properties, energy consumption, as well as the microstructure of biosolids-amended 
bricks. The quality of ETP biosolids-amended bricks was found to be relatively better than that of WTP 
biosolids-amended bricks, which was mainly due to the lower organic content present in the ETP brick 
mixture than that in the WTP brick mixture. The leachate analysis results showed that the addition of 
biosolids in a ceramic body immobilised some of the toxic heavy metals present in the biosolids and 
the organic content present in the brick mixture has an insignificant effect on the leaching 
concentrations of heavy metals. Interestingly, the leachate test results revealed that the 
concentrations of toxic heavy metals were well below the Australian and International regulatory limits 
for industrial solid wastes, thus, biosolids-amended bricks can be regarded as an environmentally low-
risk construction material. The comparative LCA between the biosolids-amended bricks and the 
control bricks showed that the addition of biosolids is beneficial because the biosolids-amended bricks 
had a positive environmental impact compared to conventional bricks. 
The results from this study have been published in three international journals, namely, Construction 
and Building Materials, Journal of Cleaner Production, Waste Management, and ASCE Journal of 
Materials in Civil Engineering. In addition, some of the findings in this study have been published in 
the Australian Geomechanics Journal. 
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 CHAPTER 1
Chapter 1 INTRODUCTION 
1.1 INTRODUCTION AND PROBLEM STATEMENT 
Waste materials can be defined as the by-products of human and industrial activities that have no 
lasting value. The increasing quantities of leftover materials and associated management costs, strict 
regulations declared for landfilling of leftover materials, shortage of landfill spaces, poor waste 
management practices, and the scarcity of natural earth materials highlight the urgent need to 
investigate sustainable options for the recycling and reusing of leftover materials. The beneficial use of 
leftover materials by means of recycling reduces the demand on natural resources, thereby leading 
towards a sustainable environment (Disfani, 2011, Arulrajah et al., 2011, Disfani et al., 2014b, Disfani 
et al., 2011, Disfani et al., 2009b). 
Unlike many other countries with limited space, Australia has plenty of space for dumping leftover 
materials, which, until recently, led to little attention being given to the recycling and reuse of leftover 
materials. However, nowadays, the attitude and mentality towards creating a sustainable environment 
with minimum waste generation have changed dramatically in Australia as well as around the world. 
Engineering related applications, roadwork applications, and, particularly, construction and building 
materials, for instance, concrete, aggregates, tiles, and fired-bricks, have become the most popular 
recycling destinations for waste materials (Suksiripattanapong et al., 2015a, Suksiripattanapong et al., 
2015b, Paranavithana and Mohajerani, 2006, Somna et al., 2012, Arulrajah et al., 2014a). It is 
noteworthy that the added environmental advantage of conserving natural resources due to the 
recycling of waste materials will further improve the environmental sustainability. 
Among the various types of leftover materials, biosolids are of particular interest in this research and 
their potential use as a partial replacement raw material in fabricating fired-clay bricks has been 
studied. Biosolids are solid and treated organic residual by-product from the wastewater treatment 
process (Rigby et al., 2016). In the last two decades, the world has witnessed a phenomenal growth in 
the production of biosolids as a result of urbanisation and improved wastewater treatment facilities. 
There are several options available for the disposal of biosolids, for instance, incineration, landfill, and 
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agricultural reuse. The landfilling of biosolids has been restricted in many countries due to the scarcity 
or shortage of landfills; and, although incineration removes a significant amount of the dry solids 
present in the biosolids, the resulting ash has a higher heavy metal content (Semblante et al., 2016). 
The agricultural reuse of biosolids has been identified as a beneficial approach, and their use as a 
fertiliser has improved the soil properties. However, a substantial body of research has been 
undertaken and is on-going concerning the land application of biosolids to understand the potential 
risks to public health and the environment. Therefore, the land application of biosolids is controlled by 
introducing various management practices, treatment requirements, microbiological and control criteria 
that ensure the sustainable land application of biosolids (Rigby et al., 2016). As a result, biosolids 
keep accumulating at stockpiles and require a sustainable recycling destination. 
The annual production of biosolids in Australia is approximately 330,000 dry tonnes, and 
approximately 3,000,000 cubic metres of biosolids are stockpiled at the Eastern Treatment Plant 
(ETP) and Western Treatment Plant (WTP) in Melbourne. The recycling of leftover materials by means 
of incorporating them as an alternative raw material in manufacturing construction and/or building 
materials has become a promising approach for the comprehensive utilisation of various types of 
leftover materials. Most of the construction and building materials are produced using virgin natural 
resources, such as sand, clay, stone, gravel, and timber. Unfortunately, the extensive and continuous 
exploitation of these natural resources has had devastating consequences on the environment. As a 
result, legislation and policies have been introduced with the intention of protecting the environment to 
limit the extensive use of virgin resources in manufacturing (Zhang, 2013).  
Therefore, incorporating biosolids in the fired-clay brick matrix could be an innovative approach to the 
sustainable utilisation of biosolids. In addition, the stringent biosolids management practices 
introduced by Australia, the UK, European Union, and the USA controlling the agricultural applications 
of biosolids (Rigby et al., 2016), have forced the need for alternative applications of biosolids. 
Accordingly, fired-clay bricks have been identified as a promising home for leftover materials like 
biosolids due to their flexibility in composition and simplicity in the manufacturing process (Kadir, 
2010). The firing process of the bricks traps the dangerous components present in the raw brick 
mixture inside the ceramic body, which further endorses the use biosolids as an alternative raw 
material for producing bricks. Moreover, it can be expected that the use of biosolids in bricks could 
assist in controlling and overcoming the current risks associated with biosolids, such as odour and 
groundwater contamination arising from nutrient and heavy metal emissions.  
Furthermore, it is notable that numerous attempts have been made to produce fired-clay bricks by 
incorporating different types of leftover materials. It has been reported that the recycling of such 
wastes in fired-clay bricks significantly controls the potential environmental issues linked to those 
waste materials and produces low-density bricks with improved thermal insulation properties. In 
addition, previous studies have shown that some waste materials contribute to a reduction in the 
energy consumption during the firing process of bricks (Kadir and Mohajerani, 2011a, Zhang, 2013, 
Bories et al., 2014, Muñoz Velasco et al., 2014). The aforementioned reasons encouraged and 
compelled the initiation of this study, which is the practical possibility of incorporating biosolids in fired-
clay bricks, with the absolute objective of creating a sustainable environment. 
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1.2 SIGNIFICANCE OF THE STUDY 
This study offers some important insights or advancing the existing knowledge in the fields of 
geotechnical engineering, environmental engineering, and sustainability in building materials, 
particularly, in fired-clay bricks. The expected outcomes of this research especially contribute towards 
a better understanding of the geotechnical, chemical, and thermal properties of biosolids and 
biosolids-soil mixtures, and the physical and mechanical properties of bricks incorporating different 
biosolids. This initiates the first two research questions for this study: 
1. What are the geotechnical, chemical, and thermal properties of biosolids and the 
geotechnical properties of biosolids-soil mixtures? 
2. What are the effects of incorporating biosolids into fired-clay bricks on the physical and 
mechanical properties, microstructure, appearance, and energy savings of bricks?  
In addition, this study set out to investigate the usefulness of understanding the environmental 
suitability of biosolids-amended bricks by evaluating the leachate analysis and emissions. A 
comparative leachate analysis was conducted for bricks incorporating biosolids by means of local and 
International methods; namely, the Australian bottle leaching procedure (ABLP) and the US EPA 
toxicity characteristic leaching procedure (TCLP) (AS 4439.3, 1997, USEPA, 1992). The present study 
fills gaps in the literature by introducing a new method to evaluate the gas emissions during the firing 
stage of biosolids-amended bricks at the laboratory scale and by developing the emission factors for 
biosolids-amended bricks. Furthermore, the effect of change in the heating rates during the brick firing 
process on the properties of biosolids-amended bricks was investigated. In addition, this dissertation 
seeks to explain the overall environmental impacts of biosolids-amended bricks through life cycle 
assessment (LCA). The findings of the LCA should make an important contribution to the field of 
manufacturing sustainable building materials. Thus, the following research questions are raised 
concerning the environmental performance and the life cycle environmental impacts of biosolids-
amended bricks. 
3. What are the level of gas emissions during the firing process and the leaching of heavy 
metals from biosolids-amended bricks? 
4. How do changes in the heating rate affect the properties of biosolids-amended bricks? 
5. How can the overall environmental impacts associated with biosolids-amended bricks be 
compared and evaluated from an LCA perspective? 
The following section presents the objectives of this research that have been derived to address the 
aforementioned research questions, along with the description of the scope of this study. 
1.3 OBJECTIVES AND SCOPE OF THE STUDY 
The main objective of this study was to develop a sustainable approach that would permit the use of 
different percentages of biosolids in fired-clay bricks with acceptable physical and mechanical 
properties, and to investigate the potential environmental impacts associated with biosolids-amended 
bricks by conducting leachate analysis, emission study, and, finally, overall Life Cycle Assessment. A 
summary of the objectives of this study is provided below. 
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1. Identification and laboratory characterization of physical, geotechnical, chemical, 
mineralogical, and thermal properties of biosolids. 
2. Experimental investigation of biosolids-amended bricks in terms of their physical and 
mechanical properties 
3. Identifying and addressing the key parameters that contribute to the environmental impacts 
associated with biosolids-amended bricks 
4. Investigating the effect of heating rate during the firing stage on the physical and mechanical 
properties of biosolids-amended bricks 
5. Determining the possible levels of emissions from biosolids-amended bricks during the firing 
stage and developing emission factors  
6. Capturing and comparing the environmental impacts associated with biosolids-amended 
bricks through LCA. 
In this study, biosolids from the Melbourne Water’s ETP and WTP were used to investigate the 
physical, geotechnical, chemical, mineralogical, thermal properties, and for the manufacturing of 
biosolids-amended bricks. Furthermore, the environmental impacts related to biosolids-amended 
bricks, such as determining the leaching concentrations of toxic heavy metals and gaseous emissions 
during the firing process, were investigated. A novel method was introduced to measure the energy 
consumption during the firing process of bricks at the laboratory scale. In order to focus on a 
comparison of the environmental impacts associated with biosolids-amended bricks and conventional 
bricks, the scope of the LCA study ranged from the “cradle to gate”, and involved clay and biosolids 
extraction, transportation, preparation, brick forming, drying, firing, packing and storage.  
1.4 DESIGN OF THE RESEARCH 
As the first step of this research, a comprehensive literature review was carried out in relation to 
biosolids production, existing environmental issues associated with biosolids in Australia and other 
countries, and the existing recycling applications of biosolids. The literature review also covered the 
background and history of bricks, development in the brick manufacturing process, and Australian and 
worldwide fired-clay brick production. Furthermore, the literature review presented in this thesis also 
discussed the previous studies that pertain to recycling a wide range of waste materials in fired-clay 
bricks. Moreover, the literature review illustrated the positives and negatives of incorporating such 
waste materials in terms of the physical, mechanical, and, microstructural properties of fired-clay 
bricks, as well as the environmental suitability of employing these leftover materials in fired-clay bricks.  
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Fig. 1.1 Overview of research programme with respect to the objectives presented in section 1.3 
As shown in Fig. 1.1, this study was carried out in three stages. Stage one of this study involved the 
characterization of biosolids samples in terms of their physical, geotechnical, thermal, chemical, and 
mineral properties. Boral bricks Pty Ltd provided the brick soil for this research, and the physical, 
geotechnical, thermal, chemical, and mineral properties of the brick soil were evaluated in stage one. 
As a preliminary study, different sets of biosolids-amended bricks were then manufactured 
incorporating 25% of ETP and WTP biosolids in the 1
st
 stage. The manufactured bricks were then 
characterised for their physical and mechanical properties, and, the measured properties were 
compared with conventional bricks with no biosolids. Based on the results of stage one, one ETP 
biosolids sample and one WTP biosolids sample were selected for the detailed investigation in stage 
two of this study. 
In the 2
nd
 stage, a series of different bricks were manufactured incorporating various percentages of 
biosolids. Five different sets of ETP biosolids were made by mixing 5, 15, 25, 35, and 50% of selected 
ETP biosolids from the 1
st
 stage of the study. The manufactured bricks were characterised for their 
physical, mechanical, and microstructural properties and the results were compared with both the 
standard specifications and conventional bricks without additives. Furthermore, the energy 
consumption in relation to the firing process of the bricks was determined by means of a novel method 
at the laboratory scale. The environmental impact pertaining to biosolids-amended bricks, such as 
leaching of toxicity heavy metals from the ceramic body, was evaluated by means of the US EPA and 
Australian leaching test methods. The leaching concentrations of heavy metals were then compared 
with the corresponding regulatory limits.  
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As a final task of 2
nd
 stage, five different sets of bricks were manufactured incorporating 5, 10, 15, 20, 
and 25% of WTP biosolids. In addition to evaluating the physical and mechanical properties of 
biosolids-amended bricks, the effect of the heating rate on the properties of bricks was also 
investigated. The WTP biosolids-amended bricks were produced by employing four heating rates; 





enabled the first four objectives of this study to be achieved. 
Stage three of this study mainly focused on achieving the final two objectives, which involved 
measuring the possible gas emissions that could evolve during the firing process of bricks from the 
electric furnace used in this study, and addressing the overall environmental impact associated with 
biosolids-amended bricks through life cycle assessment.  
1.5 OUTLINE OF THE THESIS 
This thesis is organised into eleven chapters, and is predominantly composed of published journal 
papers, accepted journal publications, manuscripts submitted to Q1 journals, and manuscripts 
prepared for journal publications. In this thesis, the published, accepted, submitted, or prepared 
papers are presented as individual chapters. 
Chapter 1 presented a general introduction to the present research study, highlighted the problem 
statement, explained the significance of this research and formulated the research questions, 
discussed the scope and objectives of the study, provided a brief description of how this study was 
designed to achieve the target objectives, and, finally, presented the outline of the overall thesis. 
Chapter 2 discussed the background and production of biosolids, current environmental issues 
associated with biosolids management, previous research on evaluating the geotechnical properties 
and possible civil engineering applications of biosolids. Then, the background and history of fired-clay 
bricks and past research studies on incorporating various types of leftover materials into fired-clay 
bricks were discussed. The possible environmental impacts associated with waste-created bricks and 
the effect of incorporating such leftover on the physical and mechanical properties of bricks were also 
reviewed. 
Chapter 3 presented the geotechnical and chemical characteristics of ETP and WTP biosolids. 
Extensive laboratory tests were conducted to characterise the biosolids samples as well as the brick 
soil used in this study.  Laboratory tests included determining the geotechnical properties, chemical 
composition, mineralogical composition, particle size distribution, and leaching heavy metal 
concentrations of biosolids. In addition, the effect of mixing different percentages of ETP biosolids into 
conventional brick soil on the compaction properties of biosolids-soil mixtures was presented in this 
chapter.  
Chapter 4 presented the possibility of incorporating biosolids into fired-clay bricks. A preliminary 
investigation was conducted by incorporating 25% of biosolids into fired-clay bricks followed by 
determining the physical and mechanical properties of biosolids-amended bricks. Four sets of bricks 
were produced incorporating 25% of three different ETP biosolids and one WTP biosolids. The 
properties of the control bricks were also presented and were compared with that of the biosolids-
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amended bricks. Based on the properties of the biosolids-amended bricks, one ETP biosolids sample 
was selected from among three ETP biosolids samples for the detailed investigation. 
Chapter 5 discussed the results of the detailed investigation of integrating five different percentages of 
selected ETP biosolids samples into fired-clay bricks. The effect of incorporating biosolids into bricks 
on the energy consumption during the firing process was examined by means of a new method at the 
laboratory scale. In addition, variations in the physical and mechanical properties of fired-clay bricks 
incorporating ETP biosolids were critically discussed. The changes in the pore structure following the 
addition of biosolids were examined, and were then correlated with the physical and mechanical 
properties of biosolids-amended bricks. 
Chapter 6 presented the effect of the organic content present in the raw brick mixture on the 
properties of biosolids-amended bricks. According to the results presented in Chapter 4 and Chapter 
5, the organic content present in the biosolids-soil mixture was found to be the most important 
parameter, as it significantly affected the properties of the biosolids-amended bricks. This chapter 
presented the variation in the physical and mechanical properties and microstructure of bricks with the 
organic content present in the raw brick mixture. Moreover, multivariate statistical analysis was 
presented in this chapter, which investigated the effect of the organic content on the properties tested, 
and determined the variations and interdependency of the results. 
Chapter 7 investigated the leaching of toxic heavy metals from the ceramic body in order to address 
and evaluate the degree of environmental impact associated with biosolids-amended bricks. Leachate 
analysis was conducted by means of international and Australian standards. Leaching concentrations 
of thirteen toxic heavy metals were determined. Furthermore, leaching of toxic heavy metal 
concentrations between green bricks and fired bricks were compared, and the percentages of heavy 
metals immobilised during the firing process of bricks were then calculated and presented in this 
chapter.  
Chapter 8 presented the possible emissions that would evolve during the firing process of biosolids-
amended bricks. The concentrations of five gases were measured during the firing process of 
biosolids-amended bricks, and the emission factors were then developed for each type of biosolids-
amended brick. 
Chapter 9 discussed and compared the overall environmental impact associated with biosolids-
amended bricks through LCA. In addition to the comparative LCA results, sensitivity analysis and 
uncertainty analysis were carried out in order to address the variations in the LCA results with respect 
to the assumptions made and uncertainty of the life cycle inventory data.  
Chapter 10 presented the variations in the physical and mechanical properties of bricks incorporating 
different percentages of WTP biosolids. Five sets of WTP biosolids-amended bricks were produced at 
four different heating rates. The properties of WTP biosolids-amended bricks were determined and the 
results with detailed discussion were presented in this chapter. 
The final chapter, Chapter 11, presented the concluding remarks of this study along with the 
recommendations for future research, which could be carried out as an extension of this study. The 
outline of the thesis along with the objectives achieved in this study are shown in Fig. 1.2. 
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Fig. 1.2 Outline of the thesis along with the objectives achieved in this study. 
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 CHAPTER 2
Chapter 2 LITERATURE REVIEW 
2.1 INTRODUCTION 
The literature review was carried out on different topics relating to this research including biosolids and 
fired-clay bricks. Firstly, this chapter discussed the background and production of biosolids, current 
environmental issues associated with biosolids management, previous research on evaluating the 
geotechnical properties and possible civil engineering applications of biosolids. Then, the background, 
history, and production of fired-clay bricks were reviewed. The state-of-the-art review then addressed 
a wide range of left over materials that had been successfully incorporated into fired-clay bricks in 
previous studies together with the associated advantages and disadvantages. The possible 
environmental impacts associated with waste-created bricks, and the effect of incorporating such 
waste on the physical and mechanical properties of bricks were also reviewed. 
2.2 BIOSOLIDS 
Biosolids are a major by-product of treated, stabilised and disinfected wastewater sludge that may 
have originated from residential wastewater, industrial wastewater or stormwater runoff. Sludge is a 
by-product of the wastewater treatment process and is a sticky liquid, which, generally, contains up to 
8% of dry solids that have not undergone further treatment (AWA, 2012). In contrast, Melbourne Water 
biosolids contain between 50% and up to 96% of solids, and, have undergone further treatment to 
significantly reduce volatile organic matter, thereby producing a stabilised product suitable for 
beneficial uses (ANZBP, 2012).  
Biosolids are primarily a mix of water and organic matter, which are a by-product of the sewerage 
sludge treatment process. Biosolids may contain traces of heavy metals including arsenic, cadmium, 
lead, nickel, and selenium, as well as synthetic organic compounds. In addition, biosolids may also 
contain macronutrients including nitrogen, phosphorus, potassium, and sulphur; and micronutrients, 
such as copper, zinc, magnesium, iron, boron, molybdenum, and manganese. Traces of heavy metals 
and organic compounds have limited the use of biosolids, and Australia has strict regulations for 
biosolids, which limit their reuse for different applications.  
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2.2.1 Background and production of biosolids 
In the last two decades, the implementation of new wastewater treatment plants, improved treatment 
and collection systems, population growth, and strict environmental regulations have led to an 
increase in the annual sludge production, hence, biosolids production. The production of sludge has 
increased dramatically in Europe; from 6.5 million dry tonnes in 1992 to 9.8 million dry tonnes in 2005 
and is expected to be 13 million dry tonnes by 2020 (Kelessidis and Stasinakis, 2012). Germany, the 
UK, Spain, and Italy produced the highest amount of sludge among the European countries in 2005 
and 2010, as shown in Table 2.1. In 2005 and 2010, these countries contributed 74% and 61%, 
respectively, of the total sludge produced by the countries listed (Fig. 2.1). 
Table 2.1 Sewage sludge production of European countries  (Eurostat, 2015) 
Country 
2005 Sewage sludge 
Production /10
3
 Dry tonnes 
2010 Sewage sludge 
Production /10
3
 Dry tonnes 
Germany 2,170 1,911 
United Kingdom 1,771 1,419 
Spain 1,121 1,205 
Italy 1,056 1,103 
France NA 966 
Poland 486 527 
Netherlands 359 351 
Austria NA 263 
Sweden 210 204 
Czech Republic 172 196 
Belgium 113 176 
Hungary 261 170 
Finland 148 143 
Denmark NA 141 
Ireland 60 90 
Romania 68 82 
Slovakia 56 55 
Bulgaria 42 50 
Croatia NA 30 
Slovenia 14 30 
Latvia 29 21 
Estonia 30 19 
Luxembourg 13 10 
Cyprus 8 8 
Malta NA 1 
Bosnia and Herzegovina 1 1 
Greece 117 NA 
Total 8303 9172 
NA – Not Available   
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Fig. 2.1 Comparison of sludge production among Germany, the UK, Spain, Italy, and other European 
countries in 2005 and 2010 (Eurostat, 2015). 
In 2013, the total biosolids production in Australia reached 330,000 dry tonnes; an increase of 10% 
from 300,000 dry tonnes in 2010 (ANZBP, 2015b). Approximately 55% of annual biosolids production 
is applied to Agricultural land, and 30% is stockpiled or applied to landfills. The remaining 15% is used 
in forestry, land rehabilitation, composting, etc. Fig. 2.2 and Fig. 2.3 show the Australian biosolids 
production and their end use in 2013. 
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Fig. 2.3 Biosolids end use in Australia (ANZBP, 2015b). 
In the State of Victoria, approximately two-thirds of biosolids are stockpiled, and 31% are used for 
agriculture. The balance of biosolids produced in Victoria is used for composting, and land 
rehabilitation (Fig. 2.4). Furthermore, in 2013, Melbourne Water produced around 78,650m
3 
of 
biosolids, and it is important to point out that the 2,000,000m
3
 of biosolids presently stockpiled at the 
Eastern Treatment Plant (ETP) and Western Treatment Plant (WTP) in Melbourne are suitable for 
forestry, farming, producing energy and structural fill (Melbourne Water, 2014b). It is notable that, in 
Australia, the average cost for biosolids management is in the order of A$300 per dry tonne, which 
equates to about A$90 million per year. A similar trend has been observed in recent years in several 
developed and developing countries, and it is of great interest and widely accepted throughout the 
world that there is an urgent need to reuse biosolids in a sustainable way. 
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Over the decades, the growth of implementing new treatment plants, continuous upgrading of 
treatment processes, and stringent controls concerning the quality of the wastewater discharged have 
given rise to an increase in the annual production of biosolids (Rulkens, 2007, Arulrajah et al., 2011, 
O'Kelly, 2004).  
In this study, the biosolids produced at ETP and WTP have been used for the production of bricks. 
Therefore, it is important to study the production process of these two biosolids. The end-use of 
biosolids depends heavily on the characteristics of the biosolids, which could vary around the world as 
the properties of biosolids depend markedly on such factors as the quality and composition of the 
wastewater, method and extent of treatment process (primary, secondary, or tertiary treatment), 
methods used for the stabilisation of biosolids, and the age of the biosolids. It is noteworthy that the 
properties of the biosolids can vary from time to time, even within the same treatment plant due to the 
variations in the incoming wastewater composition (NSW DPI, 2009, Suthagaran et al., 2013, Silveira 
et al., 2003b, O'Kelly, 2004)  
2.2.2 Previous studies on evaluating the engineering properties of biosolids 
Puppala et al. (2007) evaluated the physical and engineering properties of a control cohesive soil 
amended with two types of material, biosolids, and dairy manure. The organic content of the control 
and amended materials has a considerable influence on the specific gravity – as the organic content 
increases, the specific gravity starts to decrease. The dry unit weight of biosolids-amended soils 
decreased with an increase in the organic percentage as the lightweight organic matter occupied the 
voids, and, hence, decreased the soil dry unit weight.  Moreover, the strength properties of cohesive 
soil improved when the percentage of biosolids was around 20-40%. However, on further increase, the 
strength parameters decreased dramatically. Therefore, Puppala et al. (2007) concluded that biosolids 
and dairy manure compost could provide engineering benefits to the control soil when used in 
moderate proportions because physical and engineering properties are directly related to the amount 
of organic matter present in the biosolids and dairy manure.  
Hundal et al. (2005) studied the geotechnical characteristics of untreated biosolids including the 
compressibility, consolidation, and shear strength parameters. The biosolids samples were obtained 
from a municipal wastewater treatment plant in Chicago, USA. Hundal et al. (2005) concluded that the 
biosolids could be regarded as a potential alternative for embankment construction, and, moreover, 
the bearing capacity of biosolids could be enhanced by blending biosolids with topsoil or other 
residuals. 
Disfani et al. (2009a) and  Disfani et al. (2009b) assessed the geotechnical properties of biosolids, 
which were obtained from an existing biosolids stockpile, WTP in Melbourne.  Moreover, preliminary 
tests were conducted on samples made purely from recycled glass, and, also blended biosolids and 
recycled glass mixtures. The geotechnical properties, including particle size distribution, compaction 
test, and direct shear test were performed for both the pure and blended mixtures. Disfani et al. 
(2009a), and Disfani et al. (2009b) concluded that the mixture of biosolids and recycled glass showed 
satisfactory shear strength characteristics, which mean these mixtures have excellent potential for use 
as embankment fill materials in roads.  
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Another research, conducted by Suthagaran et al. (2013), assessed the geotechnical characteristics 
of biosolids, which were produced at WTP in Melbourne, Australia. The tests undertaken included 
consolidation, triaxial shear strength, hydraulic conductivity, compaction, California bearing ratio, 
Atterberg limits, particle density, and particle size distribution. According to the results, the biosolids 
samples were classified as organic fine-grained soils of medium to high plasticity. The particle density 
of the biosolids ranged between 1.75 Mg/m
3
 and 1.79 Mg/m
3
, which is considerably lower than natural 
organic soil. The consolidation behaviour of biosolids indicated that biosolids have similar behaviour to 
organic soils. 
Arulrajah et al. (2013) conducted a study to evaluate the geotechnical properties of wastewater 
biosolids to ascertain their suitability as a fill material in road embankments. The laboratory test results 
showed that untreated biosolids have insufficient bearing capacity to enable their usage as a fill 
material, even though compacted biosolids showed high shear strength properties.  However, 
Arulrajah et al. (2013) found that the geotechnical properties of the biosolids could be enhanced by 
either stabilising them with an additive or blending them with a high-quality material thereby making 
them suitable for use as an engineering fill material in road embankment applications. 
Disfani et al. (2013) studied the settlement characteristics of aged wastewater biosolids to assess their 
use as a fill material in road embankment applications. The geotechnical properties, including 
compaction, shear strength parameters, the coefficient of consolidation, compression index, swell 
index, and coefficient of secondary consolidation were evaluated to predict the consolidation of 
biosolids in road embankments. Moreover, other properties, including organic content, pH and 
electrical conductivity, were also determined to predict the biodegradation settlement of biosolids. The 
analytical method was used to analyse the biodegradation settlement of a road embankment built with 
aged biosolids, and it was found that the reduction in the pH of biosolids reduced the rate of 
biodegradation consolidation. The adopted model also suggested that the time taken for the full 
process of biodegradation showed a dramatic decrease in the pH value of the biosolids between 0 and 
6, and then showed an exponential increase in the pH value of biosolids between 8 and 14. 
O'Kelly (2004), O'Kelly (2005a), O'Kelly (2005b), and O'Kelly (2006) presented the geotechnical 
characteristics of the sludge from the Tullamore municipal wastewater treatment plant in Ireland. The 
properties, including compaction, shear strength, and consolidation, were determined to assess its 
suitability as a landfill (sludge-to-landfill) material. In this study, sludge was dewatered to the optimum 
moisture content (OMC) for compaction, placed in a landfill in layers and compacted to the maximum 
dry density (MDD), thereby maximising the operational life of the landfill site. The geometry of the 
landfill was of the utmost importance in terms of its stability, and, therefore, the effective stress and 
strength properties were used to determine the factor of safety against the slope stability of the landfill. 
Suthagaran et al. (2007), Suthagaran et al. (2008a), and Suthagaran et al. (2008b) investigated the 
geotechnical properties of biosolids stabilised with cement and lime, and found that the stabilised 
biosolids could be used as an engineering fill. In addition, this study presented the geotechnical 
properties of untreated biosolids. Moreover, Suthagaran et al. (2013) conducted another study to 
assess the geotechnical characteristics of biosolids produced at WTP in Melbourne, Australia. The 
tests included consolidation, triaxial shear strength, hydraulic conductivity, compaction, California 
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bearing ratio, Atterberg limits, particle density, and particle size distribution. According to the results, 
the biosolids samples were found to be classified as organic fine-grained soils of medium to high 
plasticity. The particle density of biosolids ranged between 1.75 Mg/m
3
 and 1.79 Mg/m
3
, which was 
considerably lower compared to natural organic soil. The consolidation behaviour of biosolids 
indicated that biosolids had similar behaviour to organic soils. 
Stone et al. (1998) studied the physical and engineering properties of sewage sludge collected from 
five sewage treatment plants in Trinidad. The properties were assessed including dry bulk density, 
water content, solid content, Atterberg limits, hydraulic conductivity, compaction, shear strength, and 
compressibility. According to their study, sewage sludge was found to show engineering behaviour 
similar to mineral soils, but differed in a number of the measured parameters.  
Wang et al. (1992) investigated the engineering properties of one iron and two alum coagulant water 
treatment sludge collected from water treatment plants in Pennsylvania, Virginia, and North Carolina in 
the United States. Laboratory tests, including Atterberg limits, compaction, compressibility, and shear 
strength, were determined. The test results indicated that the sludge was highly plastic and 
compressible. Moreover, the drained shear strength of the sludge was high whereas undrained shear 
strength was very low. Based on the laboratory test results, hypothetical landfill was designed for the 
most critical loading conditions. 
Asakura et al. (2009) investigated the geotechnical properties of sludge as well as sludge blended with 
slag, and construction and demolition waste in order to determine the allowable ratio of sludge 
required to ensure anaerobic zone in landfills in Japan. The geotechnical properties of sludge, 
including moisture content, loss on ignition, bulk density, particle density, particle size distribution, 
OMC, and MDD, were measured. Asakura et al. (2009) developed a method to improve sludge 
permeability, which involved blending sludge with slag, and construction and demolition waste. 
Lo et al. (2002) studied the geotechnical characteristics of dewatered sludge generated from a 
chemically enhanced primary treatment plant in Hong Kong to investigate the slope stability and 
potential settlement of landfill disposal of sludge alone and sludge co-disposed with other solid 
wastes. The properties, including particle density, compaction behaviour, hydraulic conductivity, 
consolidation, compressibility, permeability, and undrained shear strength, were tested. The results 
indicated that the compaction behaviour of sludge was similar to clayey soil.  
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Table 2.2 Geotechnical Properties of biosolids and sludge used in previous studies. 
Geotechnical Property Study Unit Result 
Moisture Content 
 
Arulrajah et al. (2013)  
% 
48-57 
Disfani et al. (2013) 48-57 
Suthagaran et al. (2013) 46.8-58.6 










Asakura et al. (2009) 31.0 
Lo et al. (2002) 180 
Specific Gravity 
Arulrajah et al. (2013)  
- 
1.75-1.79 
Disfani et al. (2013) 1.86-1.88 
Disfani et al. (2009a)  1.8 
O'Kelly (2004) 1.5-1.7 
O'Kelly (2006) 1.55 
Suthagaran et al. (2013) 1.75-1.79 













Asakura et al. (2009) 
- 
2.60 
Lo et al. (2002) 1.55 
Liquid Limit 
 




Disfani et al. (2013) 100-110 
Disfani et al. (2009a) 104 
Suthagaran et al. (2013) 100-110 










O'Kelly (2006) 315 
Plastic Limit 
Arulrajah et al. (2013)  
% 
79-83 
Disfani et al. (2013) 79-83 
Disfani et al. (2009a) 80 
Suthagaran et al. (2013) 79-83 
Chapter 2 Literature Review 
Aruna Ukwatta – PhD Thesis 20 
Geotechnical Property Study Unit Result 










O'Kelly (2006) 55 
Plasticity Index 
Arulrajah et al. (2013)  
% 
21-27 
Disfani et al. (2013) 21-27 
Disfani et al. (2009a) 24 
Suthagaran et al. (2013) 21-27 




O'Kelly (2006) 260 
Particle Size > 2.36mm 
Arulrajah et al. (2013)  
% 
3.4-3.6 
Disfani et al. (2013) 4-16 
Disfani et al. (2009a) 4 
Suthagaran et al. (2013) 2-4 
Particle Size between 0.075 and 2.36mm 
Arulrajah et al. (2013)  
% 
44-50 
Disfani et al. (2013) 40-44 
Disfani et al. (2009a) 54.6 
Suthagaran et al. (2013) 44-58 
Particle Size between 0.002 and 0.075mm 
Arulrajah et al. (2013)  
% 
44-50 
Disfani et al. (2013) 22-33 
Suthagaran et al. (2013) 34-51 
Particle Size < 0.002 
Arulrajah et al. (2013)  
% 
2 
Disfani et al. (2013) 18-23 
Suthagaran et al. (2013) 1-4 
Coefficient of Uniformity (Cu) 
Arulrajah et al. (2013)  
- 
17-26 
Disfani et al. (2013) 100-360 
Disfani et al. (2009a) 26 
Suthagaran et al. (2013)  11.7-25.0 
Coefficient of Curvature (Cc) 
Arulrajah et al. (2013)  
- 
0.5-1.3 
Disfani et al. (2013) 0.3-0.4 
Disfani et al. (2009a) 0.3 
Suthagaran et al. (2013) 0.46-2.92 
Organic Content 
Arulrajah et al. (2013)  
% 
26.5-27.0 
Disfani et al. (2013) 35.4-38.5 
Disfani et al. (2009a) 25.9 
Suthagaran et al. (2013) 24.4-28.1 
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Geotechnical Property Study Unit Result 
14.3 
Asakura et al. (2009) 8.4 
O'Kelly (2006) 70 
Lo et al. (2002) 58.5 
Standard Compaction Test 
Maximum Dry Density 





Disfani et al. (2013) 7.8-8.0 








Suthagaran et al. (2013) 0.83-0.87 






O'Kelly (2006) 0.56 
Wang et al. (1992) kN/m
3
 11.3 





Lo et al. (2002) 0.66 
Optimum Moisture Content 
Arulrajah et al. (2013)  
% 
50-55 
Disfani et al. (2013) 51-53 
Disfani et al. (2009a) 53 
O'Kelly (2004) 85 
Suthagaran et al. (2013) 48-56 






O'Kelly (2006) 85 
Wang et al. (1992) 45 
Asakura et al. (2009) 37 
Lo et al. (2002) 40 
Modified Compaction Test 
Maximum Dry Density 
Arulrajah et al. (2013) 
kN/m3 
8.9-9.0 
Disfani et al. (2009a)  8.9 
Optimum Moisture Content 
Arulrajah et al. (2013) 
% 
40-41 
Disfani et al. (2009a)  40 
California Bearing Ratio (CBR)    
Using standard compactive effort 
Arulrajah et al. (2013)  
% 
0.9-1.0 
Disfani et al. (2013) 0.9-1.0 
Disfani et al. (2009a) 1.0 
Suthagaran et al. (2013) 0.8-1.1 
Using modified compaction effort 
Arulrajah et al. (2013) 
% 
4.0 
Disfani et al. (2009a)  4.0 
Hydraulic Conductivity 





Disfani et al. (2013) 1.24-1.60 ×10
-7
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Geotechnical Property Study Unit Result 
Disfani et al. (2009a) 1.24×10
-7
 




Lo et al. (2002) 1×10
-9
 






Undrained Shear Strength 
Disfani et al. (2013) 
kPa 
136-152 
O'Kelly (2004) 50 
Direct Shear Test 
Internal friction angle (σn of 60-240 kPa)  Arulrajah et al. (2013) 
degree 
35 
Internal friction angle (σn of 30-120 kPa) Disfani et al. (2009a)  9-10 
Cohesion coefficient (σn of 60-240 kPa) Arulrajah et al. (2013) 
kPa 
46.1 
Cohesion coefficient (σn of 30-120 kPa) Disfani et al. (2009a)  25 
The end-use of biosolids depends heavily on the characteristics of the biosolids, which could vary 
around the world as the properties of biosolids depend markedly on such factors as the quality and 
composition of the wastewater, method and extent of treatment process (primary, secondary, or 
tertiary treatment), methods used for the stabilisation of biosolids, and age of the biosolids. It is 
noteworthy that the properties of the biosolids can vary from time to time, even within the same 
treatment plant due to the variations in the incoming wastewater composition (NSW DPI, 2009, 
Suthagaran et al., 2013, Silveira et al., 2003b, O'Kelly, 2004, Stone et al., 1998). 
2.2.3 Eastern Treatment Plant (ETP) and Western Treatment Plant (WTP) biosolids 
The Western Treatment Plant (WTP) is located 35km to the south-west Melbourne and services 
wastewater from the western and northern suburbs of Melbourne. The climate around WTP is 
temperate with a warm dry summer and cool winters with maximum rainfall occurring during spring. 
The long-term average rainfall is 542mm (Majumder et al., 2014). WTP has an important role in the 
history of Melbourne Water, being the first project of the Melbourne and Metropolitan Board of Works 
following the creation of the board in 1891 (Lomonte et al., 2010). In 1892, the construction work of 
WTP began, and, in 1897, WTP (then known as Werribee Farm) started its operation by connecting 
Melbourne homes to the sewerage system for the first time.  
In 1975, ETP in Bangholme was opened, being Melbourne’s second largest sewage treatment plant. 
In 2004, upgrading of WTP commenced with the objectives of reducing the nitrogen loads to the bay 
and making available a reliable supply of high-quality water for farms, parks, market gardens, and 
other uses. In 2006, a major upgrade of ETP was commenced to enhance the quality of the treated 
effluent, which was completed in 2012. The future goal of Melbourne Water is to have zero net 
greenhouse gas emissions and use 100% renewable energy by 2018 (Melbourne Water, 2016b). 
The average daily sewage production in Melbourne is about 876 million litres, which is enough to fill 
350 Olympic-sized swimming pools (Melbourne Water, 2016c). Approximately 92% of Melbourne’s 
sewage is treated at ETP and WTP; the WTP in Werribee, and ETP in Bangholme. The network of 
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main sewers transfers sewage from retail interface points by gravity and pumping it to the ETP and 
WTP (Fig. 2.5). The remaining sewage is treated by local treatment plants, which are operated by 
retail water companies, such as City West Water, South East Water, and Yarra Valley Water. The 
Victorian government owns the Melbourne Water company, managers, operators and both the ETP 
and WTP (Lomonte et al., 2010). The annual treated sewerage volume by Melbourne water is 
summarised in Table 2.3. 
Table 2.3 Annual sewerage production of Melbourne Water  
Year 
Treated sewerage 
volume by Melbourne 
Water (million litres) 
Treated Percentage (%) 
Reference 
ETP WTP 
2010 325,308 44 56 (Melbourne Water, 2011) 
2011 320,067 44 56 (Melbourne Water, 2012) 
2012 305,901 43 57 (Melbourne Water, 2013) 
2013 313,349 42 58 (Melbourne Water, 2014a) 
2014 301,170 42 58 (Melbourne Water, 2015) 
2015 309,000 40 60 (Melbourne Water, 2016a) 
The annual biosolids production of WTP is approximately 175,000 dry tonnes and has covered 10,823 
ha over the past 100 years, 6,950 ha of which are utilised for sewage treatment. It is the largest 
sewage treatment facility in Australia. Approximately 1.6 million people in the northern and western 
suburbs of Melbourne are served by WTP. 
 
Fig. 2.5 Sewerage system of Melbourne Water (Melbourne Water, 2016a). 
The production process of biosolids may vary from treatment plant to treatment plant depending on 
the availability of resources and technology. In respect of the production process of ETP biosolids, 
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firstly, the solids are gathered and partially dewatered from the primary sedimentation tank, and the 
waste activated sludge from the secondary settling tanks. Then, they are fed into the anaerobic 
digesters, which have a 16-day hydraulic residence time and are operated at nearly 35°C. The 
digesters are intermittently decanted, and the sludge is directed to the sludge drying pans. They are 
loaded up until they are full and then the solids are allowed to settle. The water is then decanted off 
the top, which is repeated a few times until the pans are loaded up to 400 kg/m
2
.  The sludge drying 
pans are then allowed to air dry. The sludge drying pans have the dried crust formed by the air drying 
broken up by a specific tractor and allowed to sink. This is repeated until the biosolids can be pushed 
up into a windrow. The windrows are then turned as the biosolids are dried to be at least 70% solids 
(less than 30% water). Then the biosolids are removed from the pans and placed into stockpiles. 
 
Fig. 2.6 Schematic diagram of the production of WTP biosolids (Arulrajah et al., 2011). 
The systematic diagram of producing WTP biosolids is presented in Fig. 2.6. Initially, sludge is 
pumped from the treatment lagoons to the sludge drying pans. Usually, the drying process takes place 
six to nine months and thereafter the biosolids are harvested and stored in stockpiles. The WTP and 
ETP biosolids stockpiles are shown in Fig. 2.7.   
  
ETP biosolids stockpile 
(stockpile No. 22) 
WTP biosolids stockpile (stockpile No. 10) 
Fig. 2.7 ETP and WTP biosolids stockpiles. 
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In this study, biosolids produced at ETP and WTP were used as a partial substitution raw material in 
manufacturing fired-clay bricks. Previous studies have shown that the bricks are sustainable and offer 
a promising final destination for various types of waste. Incorporating various types of waste into 
bricks diminishes the waste management cost as well as alleviates the extensive utilisation of natural 
earth resources.  
2.3 FIRED-CLAY BRICKS 
2.3.1 History and development of brick manufacturing  
Bricks are one of the longest-lasting and strongest manufactured building materials, and have been 
used over a long period of time (Beall, 2004, Marotta, 2005). The remains of the world’s oldest bricks 
have been found in archaeological digs in ancient Jericho, on the banks of the River Jordan circa 
8,000 BC (Fig. 2.8) and ruined structures have been found in the Tigris-Euphrates basin from as early 
as 6,000 BC. Mud bricks were invented between 10,000 BC and 8,000 BC; later, moulded bricks were 
developed in Mesopotamia about 5,000 BC. The most significant milestone for bricks was the 
invention in Mesopotamia in about 3,000 BC of fired-bricks, also known as high-temperature kiln fired-
bricks (Campbell and Pryce, 2003). 
  
Fig. 2.8 Bricks found at Jericho (Campbell and Pryce, 2003). 
Ancient Egyptians used wooden moulds to make sun-dried mud bricks. Evidence of which can still be 
seen today in the paintings found in the tomb of Rekh-mi-Re, Thebes in Egypt in 1450 BC. These 
outstanding pictures show the mixing, compacting, scraping, and placing of sun-dried bricks on the 
open ground (Campbell and Pryce, 2003). The ancient Romans further used fired bricks to build many 
buildings and were responsible for its introduction and use in England (Beall, 2004, Kadir, 2010). By 
1,200 AD, bricks were found in Europe and Asia, and from the Atlantic to the Pacific. The religion of 
the people greatly affected the introduction of brickmaking and bricklaying. For instance, Islam spread 
brick making techniques across North Africa and Central Asia; Christian monasticism made it known 
across Europe; and Buddhism took it from India to Sri Lanka, Burma, and Thailand. Some of the 
ancient brick structures around the world are shown in Fig. 2.9. 
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(a) Jethawana Stupa, Sri Lanka – 269-
296AD  (Ranaweera, 2004) 
(b) Chogha Zanbil Temple, Iran – 1250BC 
(ITA, 2009) 
  
(c) Arg-e Bam, Iran – 224-637 AD 
(Touropia, 2016) 
(d) The Djinguereber Mosque, Mali – 1325 
(Touropia, 2016) 
  
(e) Ait Benhaddou – Morocco (Touropia, 
2016) 
(f) Abhayagiri Stupa, Sri Lanka  – 89-77 BC 
(Lanka, 2016) 
Fig. 2.9 Ancient brick structures around the world 
Due to the development of technology in the 17
th
 century, bricks became cheaper and more 
widespread across Europe. Then, in the 18
th
 century, books were published in England concerning the 
methods and techniques for making bricks. By the 19
th
 century, bricks had become a standard 
material and were used in different industrial and commercial applications (Campbell and Pryce, 
2003). Even though the technology for brick making has improved, the basic theory of hard-burned 
brick making has remained virtually unchanged (Taylor, 2002).  
The earliest record concerning the use of bricks in Victoria, Australia, was found in the early 18
th
 
century (Coutts, 1983). In Corinella, Westernport Bay 30,000 bricks were manufactured on the site in 
Chapter 2 Literature Review 
Aruna Ukwatta – PhD Thesis 27 
1826 (Stuart, 1987). These manufactured bricks were used in different structures, such as government 
houses, a privy, a dairy, chimney, oven and kitchen (Coutts, 1983). Then, the number of bricks 
manufactured in Victoria increased after major improvements were made in 1850 to brick moulding 
and firing. In 1880, most of the houses in Melbourne were constructed from extruded or dry pressed 
bricks.  
Presently, bricks are the major cladding material for houses and are the forerunner of a wide range of 
clay products used in the construction industry. Their strength, reliability, weather resistance, simplicity 
and durability, have led to their extensive use and a leading place in history alongside stone (Beall, 
2004). The current annual production of bricks worldwide is about 1391 million units, and the demand 
for bricks is rising continuously (Zhang, 2013).  
2.3.2 Types of Bricks 
Depending on the properties of the clay and the firing process different types of bricks have been 
reported in the literature (Taylor, 2002). However, the main categories of bricks are as follows: 
1. Common bricks 
2. Facing bricks  
3. Engineering bricks 
Common bricks are the cheapest among the three because they are not designed to provide good 
appearance or high strength.  Facing bricks address one limitation of common bricks in that they have 
an attractive appearance. This type of brick does not have cracks on the surface, and is derived from 
common bricks by adding a sand facing and/or pigments during the firing process. Engineering bricks, 
as the name implies, have good qualities from an engineering perspective – higher compressive 
strength, low water absorption, and are usually of higher density. 
2.3.3 Manufacturing of Fired-Clay Bricks 
Although many of the operations are interrelated, it is possible to identify the basic stages in brick 
manufacturing, as shown in Fig. 2.10. The first stage is the extraction of clay. After extraction, the clay 
is subjected to initial crushing, mixing, and proportioning. Secondary crushing then commences, 
usually by means of a pan mill with two heavy steel wheels that crush the clay against a perforated 
base. The crushed samples are screened, and oversized particles are returned for further crushing. 
The next stage is shaping. In this stage, water can be added to increase the plasticity, as well as 
chemicals to attain the required properties. The shaping technique is varied according to the moisture 
content of the clay. There are four main methods – semi-dry process, stiff plastic process, the wire cut 
process and the soft mud process – which utilise clay tempered to a moisture content of 10%, 15%, 
20% and as high as 30%, respectively (Taylor, 2002, Marotta, 2005, Domone and Illston, 2010). 
Among these four methods, the stiff plastic process is used to make engineering bricks.  
At the end of moulding, the drying process begins.  This must be carried out prior to firing if the bricks 
are made from clay of relatively high moisture content.  Drying is carried out in chambers by means of 
a small fire or hot exhaust gases from an adjacent kiln. The advantage of drying is that bricks can be 
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stacked in the kiln without the lower bricks becoming distorted because of the weight of the bricks 




























Fig. 2.10 Basic stages in brick manufacturing  
The next step is the firing of the bricks. Firing increases the strength of the bricks and reduces the 
soluble salt content by causing localised melting of the clay. There are three main stages of firing. At 
100
0
C, the free water evaporates, and at 400
0
C, all the organic materials are burnt out. In the last 




C, sintering of the clay takes place (Taylor, 2002). 
Finally, blending and packaging are carried out. The unloading of bricks from the kiln is usually 
conducted manually, while the blending and packaging are mainly carried out using automated 
machines. 
2.3.4 Production of bricks 
Approximately 87% of the 1500 billion clay bricks produced annually are made in Asia, and China 
accounts for over two-thirds of global brick production (Weyant et al., 2014, Baum, 2012). India is the 
second largest producer of bricks, accounting for over 10% of the global brick production (Kumbhar et 
al., 2014). In Australia, clay brick production reached 1.38 billion units in 2013, an increase of 7.8% 
from 1.28 billion units in 2012. As shown in Table 2.4 and Fig. 2.11, in the first quarter of 2014, clay 
brick production reached 315,810,000 units. (Australian Bureau of Statistics, 2014).   
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Table 2.4 Australian Clay Brick Production (Australian Bureau of Statistics, 2014) 





Sep 410,980,000 24,260,000 435,240,000 
Dec 374,377,000 40,521,000 414,898,000 
2011 
Mar 352,344,000 21,709,000 374,053,000 
Jun 387,970,000 21,881,000 409,851,000 
Sep 337,461,000 20,847,000 358,308,000 
Dec 310,369,000 25,843,000 336,212,000 
2012 
Mar 303,583,000 13,542,000 317,125,000 
Jun 293,105,000 16,946,000 310,051,000 
Sep 299,474,000 13,752,000 313,226,000 
Dec 323,317,000 14,025,000 337,342,000 
2013 
Mar 300,411,000 9,144,000 309,555,000 
Jun 341,388,000 10,958,000 352,346,000 
Sep 351,339,000 15,269,000 366,608,000 
Dec 340,526,000 14,957,000 355,483,000 
2014 
Mar 303,037,000 12,773,000 315,810,000 
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2.4 PREVIOUS STUDIES ON RECYCLING WASTE MATERIALS IN FIRED-CLAY BRICKS 
In the last few decades, there has been great interest in the use of different leftover materials as a 
partial raw material to clay in the manufacture of fired-clay bricks. The use of different unwanted 
materials is not only a viable solution to waste management but also saves the natural virgin 
resources. In this section, comprehensive literature is presented regarding the use of different waste 
materials in the production of fired-clay bricks. 
2.4.1 Sludge 
Tay (1985, 1987) used municipal wastewater dewatered sludge and sludge ash mixed with clay to 
produce bricks. The percentages by weight of the dried sludge and sludge ash used ranged between 
10% - 40% and 10% - 50%, respectively, with 1080ºC as the firing temperature. The sludge ash was 
collected after sludge incineration at 600ºC. The compressive strength was as high as normal clay 
bricks with 10% sludge ash whilst 10% of sludge reduced the compressive strength by 31.7%. 
Therefore, sludge ash bricks were much better than clay bricks with dried sludge. The loss on ignition 
after firing increased with the increased amount of sludge whereas it decreased with the increased 
amount of sludge ash. The loss on ignition for sludge ash bricks was mainly due to the organic matter 
of clay being burnt off during the firing process. In addition, the shrinkage after firing and the water 
absorption value increased as the sludge percentage increased. Interestingly, similar behaviour was 
observed for shrinkage after firing and the water absorption values in sludge ash bricks, but with lower 
values. This indicates that bricks made with sludge ash have better durability than those made with 
sludge. Tay (1987) suggested that the maximum percentages of dried sludge and sludge ash that 
could be mixed with clay for brick making were 40% and 50% by mass, respectively.  
Another sludge that was reused by Tay et al. (2001) was industrial sludge. Bricks were produced from 
industrial sludge and marine clay sintered at a temperature of 1050ºC.  The mixing proportions of 
sludge varied between 30% and 100%. It was observed that bricks made from 100% sludge and 90% 
sludge with 10% clay, were prone to developing cracks during firing. The water absorption limit of 7% 
was confirmed for all brick mix proportions except for the bricks with 50% clay content. 
Weng et al. (2003) investigated the incorporation of dried sludge collected from an industrial 
wastewater treatment plant into clay bricks and its characterization. In this study, sludge and clay were 
mixed with different proportions (10%, 20%, 30% and 40%) as the raw materials. Bricks were air dried 
for 24 h followed by oven-drying for 24 h at 103ºC, and, eventually, fired at four different temperatures 
(880ºC, 920ºC, 960ºC and 1000ºC). Testing was conducted on the bricks as per the Chinese 
Standards (CNS 1999) to determine the mechanical properties. The water absorption increased with 
an increasing percentage of sludge. However, with an increase in firing temperature, the water 
absorption started to decrease. Firing shrinkage and weight loss on ignition increased as the addition 
of sludge increased. Moreover, increasing the firing temperature resulted in an increase in firing 
shrinkage and weight loss on ignition. The lowest density of bricks was obtained at a firing 
temperature of 880ºC and bricks containing 40% of sludge, whereas the highest density of bricks was 
observed at a firing temperature of 1000ºC.  The compressive strength of brick samples was inversely 
proportional to the quantity of sludge added and started to increase with an increase in the firing 
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temperature. The results of leaching tests indicated that the concentrations of heavy metals were well 
below the regulated limits. Weng et al. (2003) contended that bricks with 10% sludge and a moisture 
content of 24%, prepared in the moulded mixtures and fired between 880ºC and 960ºC, produced a 
good quality brick. 
Liew et al. (2004a, 2004b) used dewatered sewage sludge to make fired-clay bricks with different 
proportions. The mixing proportions ranged between 10% and 40% by dry weight of sludge.  Brick 
specimens were oven dried at 150ºC for 84h and fired at 985ºC for 12h before being cooled by 
thermal regulation of the kiln for 16h to ambient temperature. The manufactured bricks underwent a 
series of tests including firing shrinkage, compressive strength, weight loss on ignition and bulk 
density. Weight loss on ignition increased as the sludge proportion increased while the other 
aforementioned properties decreased as the amount of sludge increased. The results indicated that 
the proportion of sludge in the mixture had the greatest impact on the quality of the bricks. Moreover, 
the leaching of heavy metal concentrations was an insignificant concern according to USEPA method 
1310A. The firing process made the heavy metals less leachable as they appeared to be locked inside 
the fired bricks as a result of the physiochemical containment mechanism and fusion of the ash 
residue within a glassy matrix after subjecting the bricks to a high firing temperature.  Liew et al. 
(2004a, 2004b) concluded that sludge amendment of up to 40% in clay bricks could be used for 
different application purposes, as stated in the Malaysian Standards. Moreover, Liew et al. (2004b) 
suggested that the decrease in compressive strength and increase in water absorption with higher 
sludge content in the bricks were due to the changes in the pore structure, with gradual pore 
coarsening and the formation of cracks as observed using scanning electron microscopy. 
Okuno and Takahashi (1997) examined the possibility of manufacturing bricks using 100% incinerated 
sewage sludge. The bricks were moulded using a high pressure of 98MPa and fired around 1000°C. 
The manufactured bricks were characterised for shrinkage, compressive strength, bending strength, 
abrasion loss, and water absorption. The test results showed that the compressive strength of bricks 
varied between 78.4 and 196 MPa, which was well above the Tokyo metro standards. In addition, the 
results of the water absorption rate, abrasion loss, and bending strength indicated that bricks were 
superior for all measurements when compared to the Tokyo metro standards.  
Rouf and Hossain (2003) discussed the utilisation of Arsenic-Iron sludge as a replacement material for 
clay in manufacturing fired-clay bricks. In this study, Arsenic-Iron sludge and clay were mixed with 
different proportions (5%, 15%, 25% and 50%) as raw materials. The prepared bricks were fired at 
three different temperatures – 950ºC, 1000ºC, 1050ºC – for 6h in a heavy duty electric furnace. The 
manufactured bricks underwent a series of laboratory tests to determine the physical and mechanical 
properties. The firing shrinkage and weight loss on ignition of the bricks increased as the amount of 
sludge added in the mixture increased. Moreover, with an increment in the firing temperature, both the 
firing shrinkage and weight loss on ignition gradually increased. The density of the bricks was 
inversely proportional to the quantity of sludge added to the mixture, and the results of the density 
showed that an increase in the temperature resulted in an increase in density. The water absorption of 
the brick decreased when the amount of sludge was decreased, and the firing temperature was 
increased. The compressive strength results were greatly dependent on the quantity of sludge added 
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and the firing temperature. The results showed that the optimum firing temperature at which maximum 
compressive strength occurred was 1000ºC for bricks with 15% sludge. The Toxicity Characteristic 
Leaching Procedure (TCLP) results showed that concentrations of heavy metals were far below the 
regulated TCLP limits. Interestingly, increasing the firing temperature resulted in decreasing 
concentrations of heavy metals. Rouf and Hossain (2003), therefore, recommended that 15% to 25% 
of sludge by weight could be incorporated with a 15% to 18% optimum moisture content at a firing 
temperature of 1000ºC to produce a good quality brick.  
Sengupta et al. (2002) carried out a laboratory-scale investigation on the partial replacement of raw 
materials used in manufacturing bricks from Petroleum effluent treatment plant sludge.  Sludge was 
mixed with brick soil and sand at a ratio of 0.46:1:0.12. Mixtures were homogenised and used to 
prepare green bricks by adopting the procedure as practised in common masonry brick manufacturing. 
Bricks were air dried at ambient conditions and fired in a coal-fired Bulls trench commercial brick kiln 
with the usual commercial bricks. The firing temperature ranged from 1000ºC to 1100ºC. Thereafter, 
the effect of incorporating the sludge on the crushing strength, water absorption, efflorescence and 
volumetric shrinkage was investigated.  The crushing strength of brick reduced as the sludge was 
added as the raw material. Moreover, the water absorption and volumetric shrinkage increased with 
the addition of sludge into the bricks. The test results for the crushing strength and water absorption 
on sludge-amended bricks were significantly higher than that of commercial bricks but only a little 
lower than that of the control bricks with 0% sludge. The results indicated that the bricks produced 
using sludge met all the requirements described in the Indian Standards. Moreover, the test results for 
the modified TCLP test showed that most of the toxic metals present in the sludge form stable 
compounds in the vitrification process and the leachate values met the requirements of the regulatory 
TCLP limits. 
Pérez-Villarejo et al. (2015) studied the mechanical and chemical properties of fired-clay bricks 
incorporating Galvanic sludge wastes (GSW). Galvanic sludge wastes are generated by the 
physiochemical treatments of wastewater. XRD and XRF analysis were conducted to characterise the 
clay and GSW compositions. Up to 5% of GSW were added when manufacturing fired-clay-GSW 
bricks. The traditional method of brick manufacturing was employed in this study. The effect of the 
amount of GSW was evaluated after firing clay-CSW bricks at 950
o
C for about 1 hr. It was mentioned 
that the linear shrinkage and bulk density of the composite bricks decreased when compared to the 
control clay bricks. It is important to note that the compressive strength values increased with the 
addition of GSW in comparison with the control bricks with an almost linear correlation up to 0-2% of 
GSW. Furthermore, it was found that the fired-clay-GSW bricks met the USEPA regulated TCLP limits 
for heavy metal leachate concentrations and no serious environmental problems were expected. 
Eliche-Quesada et al. (2015) investigated the effects of adding sludge from the oil refining industry 
and sludge from the pomace oil extraction industry into fired-clay bricks. Bricks were manufactured 
with different quantities of sludge varying from 0% to 30% at a firing temperature of 950°C. Clay bricks 
without waste material were kept as control specimens. To determine the optimum mixing proportion, 
the physical, chemical, mechanical and thermal properties of the manufactured bricks were evaluated 
in accordance with UNE standards. The results of the leaching test performed according to the TCLP 
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standards showed that the amount of heavy metal leached from the clay/sludge bricks complied with 
the regulatory limits. 
Herek et al. (2012) proposed mixing textile laundry wastewater sludge with clay in order to produce 
fired-clay bricks. Bricks were manufactured using different sludge percentages varying from 0-25%. 
Two types of brick were manufactured and named laboratory scale and industrial scale bricks. Raw 
materials were first characterised in terms of their composition, microstructure and thermal behaviour. 
The properties of the manufactured bricks were evaluated in terms of their mechanical and chemical 
properties. Leaching and solubilization tests were conducted to identify any environmental issues 
associated with the brick samples produced. The results suggested that up to 20% of sludge could be 
incorporated into bricks without compromising the mechanical properties.  Also, the bricks produced 
were safe and inert according to the applied leaching test. 
Martínez-García et al. (2012) attempted to assess the significance of adding sludge produced at 
wastewater treatment plants in the brick manufacturing process. The utilisation of sludge to replace 
clay in bricks not only reduces the cost but helps address the environmental issues. Sludge was 
added in different percentages: 1, 2.5, 5, 7.5, 10, and 15% in the body clay. The technological 
properties of the manufactured bricks were then assessed after firing at 950
0
C in the laboratory scale 
electrical furnace. It was found that incorporating up to 5 wt% of sludge was beneficial for producing 
quality bricks. However, the incorporation of 5% caused a weakening of the mechanical properties, 
thus producing poor quality bricks. 
2.4.2 Fly Ash 
Chen et al. (2011) investigated the feasibility of producing bricks from haematite tailings together with 
a small amount of clay and fly ash. The mixtures with different proportions of tailings, clay, and fly ash 
were mixed for 10 min in a blender before water was added to the mixture to homogenise for 10 min. 
The prepared samples were then pressed into a cylinder 50 mm in diameter and 50 mm in height to 
produce brick specimens by means of a hydraulic press. Firstly, Chen et al. (2011) studied the effect 
of the raw materials formulation on the properties of fired bricks. The mixed samples with different 
proportions of tailings (100%-77%), clay (0%-15%), and fly ash (0%-8%) were fired at 1000ºC for 2h. 
The results indicated that the bulk density of the bricks decreased with the addition of fly ash and clay. 
Moreover, the compressive strength of the bricks showed a sharp drop with the addition of fly ash. 
However, the water absorption of the manufactured bricks showed little variation with various 
proportions of tailings. Therefore, Chen et al. (2011) suggested that the optimum mass ratio of tailings: 
clay: fly ash was 84:10:6 as this condition met the requirements of the Fired Common Brick Standards 
(GB/T52101-2003). 
Secondly, Chen et al. (2011) investigated the effect of the firing temperature on the properties of 
manufactured bricks. With a mass ratio of tailings : clay : fly ash = 84:10:6, a water content of 15%, 
and forming pressure of 20 MPa were selected as per the previous studies, and the dried samples 
were fired at 850ºC, 900ºC, 950ºC, 980ºC, 1000ºC, 1030ºC and 1050ºC in an electric furnace for 2 h. 
Tests were performed to evaluate the compressive strength, water absorption, and bulk density. The 
results indicated that the compressive strength increased and water absorption decreased with an 
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increase in the firing temperature. Moreover, the bulk densities of the fired specimens were above 2.0 
g/cm
3
. Chen et al. (2011) concluded that the optimum firing temperature was between 980 and 
1030ºC, where the properties of the bricks complied with the Fired Common Brick Standards 
(GB/T52101-2003). The microstructure of fired bricks was examined by means of Scanning Electron 
Microscopy (SEM) and showed clear evidence of vitrification or partial melting, and crystalline phases 
were embedded in a glassy matrix forming strong entirety, which performed the strength of bricks. In 
addition, the SEM results showed a large amount of interconnected and irregular pores, which were 
formed due to water evaporation and dehydroxylation in the firing process.  Moreover, Chen et al. 
(2011) investigated the effect of forming water content and forming pressure on the properties of the 
fired specimens, and concluded that the optimum water content and forming pressure were 12.5-15% 
and 20-25 MPa, respectively.  
Another study was conducted by Haiying et al. (2011) who used municipal solid waste incineration fly 
ash as a blending material to make ceramic bricks. Brick samples were prepared using 15-30% fly 
ash, 60-50% red ceramic clay, 0-15% feldspar, and 20-25% sand.  The mixture was ground and mixed 
with water and then placed for 18 h prior to screening. The pressing machine was used to mould the 
bricks, which were dried at around 60ºC before firing. A series of laboratory tests were performed to 
evaluate the compressive strength, water absorption, and shrinkage. According to the results, Haiying 
et al. (2011) recommended a fly ash: red ceramic clay:  feldspar: gang sand ratio of 20:60:10:10, and 
a firing temperature of 950ºC, to produce good quality bricks. The leaching results of heavy metals 
from the fired bricks based on the optimal ratio of raw materials were far lower than the limit value. 
This is because the heavy metals were stabilised in the strengthened body of the brick through the 
sintering process.   
Kayali (2005) studied the production of bricks from fly ash, which were given the name FlashBricks. 
The mixture contained fly ash as the only solid ingredient and commercially protected additives in 
minor quantities. The techniques and equipment in the manufacturing process were similar to those 
used in clay brick factories. Moulded green samples were dried for 3 days, and dried samples were 
fired at 1000-1300ºC for a few hours. The important characteristics of the FlashBricks, including the 
compressive strength, water absorption, initial rate of absorption, modulus of rupture, bond strength, 
and durability, were evaluated. The manufactured bricks were about 28% lighter than clay bricks, and 
the compressive strength was greater than 40 MPa, which was at least 24% better than the very best 
of the standard clay bricks available on the Australian market. The modulus of rupture was nearly 
three times the value for standard clay bricks available on the market. Moreover, the initial rate of 
absorption was less than that for clay bricks, while the water absorption of FlashBricks was higher 
than that for clay bricks. In addition, FlashBricks showed zero loss of mass and indicated excellent 
resistance to sulphate attack.  
2.4.3 Other Waste 
2.4.3.1 Cigarette Butts 
In another study, the possibility of recycling cigarette butts (CBs) in fired-clay bricks was investigated 
with very promising results (Kadir and Mohajerani, 2008, Kadir and Mohajerani, 2012, Kadir et al., 
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2009, Kadir and Mohajerani, 2011b, Kadir, 2012, Kadir and Mohajerani, 2015, Mohajerani et al., 2016, 
Kadir and Mohajerani, 2011a). The CBs were disinfected at 105ºC for 24 h and stored in sealed plastic 
bags. The mixture contained cigarette butts with four different percentages (0%, 2.5%, 5%, and 10%) 
by weight as a raw material in addition to clay soil. The test results for the manufactured bricks 
indicated that the density of fired bricks was reduced by up to 30% as the percentage of CBs 
increased in the mixture. Similarly, the compressive strength of bricks decreased depending on the 
percentage of CBs incorporated into the raw materials. The thermal conductivity of bricks improved by 
51% and 58% for 5% and 10% CBs content, respectively. The leachate analysis results on CBs 
amended bricks revealed trace amounts of heavy metals.  The results of this study showed that, 
providing the mix was appropriately designed and prepared for the required properties, CBs could be 
regarded as a potential addition to the raw materials used in the manufacturing of light-weight fired 
bricks for non-load-bearing as well as load-bearing applications, with improved thermal performance 
and better energy efficiency. Moreover, recycling CBs into bricks could be part of a sustainable 
solution to one of the serious environmental pollution problems of the world.  
2.4.3.2 Polystyrene 
Veiseh and Yousefi (2003) studied the production of lightweight bricks by mixing polystyrene foam 
with clay soil in proportions 0-2% and firing at 900ºC to 1050ºC. The test results indicated that the 
compressive strength and dry density decreased with the addition of polystyrene foam. An increasing 
trend was observed in the water absorption with increasing polystyrene foam. Moreover, the 
compressive strength increased as the firing temperature increased, whereas, an increase in the firing 
temperature led to a reduction in the water absorption. In addition, the thermal conductivity of the 
manufactured bricks reduced significantly with the addition of polystyrene as a raw material. For 
instance, the thermal conductivity of bricks with 1.5% polystyrene showed a 75% reduction compared 
to the control bricks with 0% polystyrene. Therefore, Veiseh and Yousefi (2003) recommended that 
polystyrene foam could be used as a pore-forming material in the manufacture of lightweight bricks. 
2.4.3.3 Paper Processing Residue 
Sutcu and Akkurt (2009) used paper processing residue as an additive to produce bricks. Brick raw 
materials and paper residue were mixed together with different proportions (0%, 10%, 20%, and 30%). 
The mixtures were ground into the mortar, and granulised with 10% of water and uniaxially compacted 
in a hydraulic press under a pressure of 10 MPa for the rectangular-shaped specimens. Green 
specimens were air dried for 24 h and oven dried at 45ºC for 1h. Dried specimens were fired in a 
furnace at a rate of 2.5ºCmin
-1 
until 600ºC, and then at a rate of 10ºCmin
-1 
until 1100ºC for 1h
 
  The 
drying and firing shrinkage of the fired brick samples were investigated as well as the loss on ignition, 
bulk density, apparent porosity, compressive strength, water absorption, and thermal conductivity. The 
results obtained revealed that the green, dry, and fired bulk densities decreased gradually with an 
increase in the percentage of paper residue. The apparent porosity and water absorption values 
increased with an increase in the paper residue addition, whereas the compressive strength of the 
samples decreased depending on the increase in the residue addition. Interestingly, the compressive 
strength of the fired bricks was still higher than the standard strength values stated in the Turkish and 
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corresponding European Standards.  In addition, the thermal conductivity of the brick samples 
indicated a reduction of up to 50% compared to bricks without paper residue while maintaining 
adequate mechanical strength. Sutcu and Akkurt (2009) suggested that the paper processing residue 
could be used as a pore-foaming additive in the brick body to facilitate the production of vertically 
perforated insulation bricks.  
Demir et al. (2005) examined the potential use of kraft pulp production residue in clay bricks. In this 
study, an increasing amount of residue (0%, 2.5%, 5%, and 10%) by weight was mixed with raw brick 
soil. Green samples were dried at 21ºC (40% relative humidity) for 72 h and then oven dried at 105ºC 
until reaching a constant weight. The dried samples were then fired in an electric furnace at the rate of 
2ºCmin
-1 
until 600ºC, and then at a rate of 5ºCmin
-1 
until 900ºC for 0.5 h. The manufactured brick 
samples were tested for plasticity, water absorption, bulk density, apparent density and compressive 
strength. The test results indicated that the addition of 2.5-5% paper residue was effective for the 
pore-foaming in clay body with acceptable mechanical properties. Therefore, Demir et al. (2005) 
concluded that kraft pulp residue could be utilised as an organic pore-foaming agent in fired-clay 
bricks.  
Mymrin et al. (2015) investigated the possibility of incorporating paper production sludge and scrap 
glass in manufacturing fired-clay bricks. Paper sludge and scrap glass with a total content of up to 
35% were used as replacement materials for clay and green bricks and fired at different temperatures 
(700, 800, 900, 1000, 1050, 1100°C). The properties of the fired bricks showed that the waste created 
bricks showed better mechanical properties than the control bricks with no additives fired at 1050 and 
1100°C. 
2.4.3.4 Sawdust 
Another study was conducted by Demir (2008) who investigated various residue additives for inclusion 
within bricks, such as sawdust, tobacco, and grass. In order to obtain comparable results, four 
different series of samples were prepared for tests; a separate series for each residue. These four 
series of samples contained 0%, 2.5%, 5%, and 10% residue additions. The shaped samples were 
dried in laboratory conditions at 21ºC for 72 h with 60% relative humidity and then oven dried at 110ºC 
until the samples reached a constant weight. The dried samples were fired at a rate of 2ºCmin
-1 
up to 
600ºC, and then at a rate of 4ºCmin
-1 
until 900ºC for 1 h, while one batch was left unfired. Then, the 
effect of the three different residues on the shaping, plasticity, density and mechanical properties of 
the fired brick samples was investigated. The test results indicated that an increase in the amount of 
organic residue caused a reduction in the bulk density, while the porosity, and water absorption 
increased with an increased amount of residue (sawdust, tobacco, and grass). Moreover, due to firing 
the organic compounds in the mixture, the loss on ignition of brick samples increased with the 
increase in residue. In respect of the mechanical properties, the compressive strength of the unfired 
samples progressively increased as the waste amount was increased. However, the compressive 
strength of the fired brick samples decreased with the addition of the residue. Nevertheless, the values 
were still higher than those required by the Turkish Standards. Importantly, neither black cores nor 
bloating after firing were observed as the organic materials were easily burnt off from the clay body. 
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Therefore, Demir (2008) suggested that up to 5% of sawdust or tobacco residue or grass by weight 
could be effectively utilised in an environmentally safe way as pore-forming agents in fired-clay bricks. 
Menezes et al. (2005) studied the possibility of using sawing waste generated by the granite process 
industries in Paraiba State, Brazil, as an alternative raw material for the production of fired-clay bricks 
and tiles. Bricks were produced by adding different percentages of waste (20 to 60% by weight) and 
the physical and mechanical properties were determined. The test results showed that the addition of 
waste by up to 35% by weight caused a slight increase in the water absorption and an increase in the 
modulus of rupture. However, all the compositions presented values for the compressive strength in 
the range stipulated in the Brazilian Standards. 
Eliche-Quesada et al. (2012) studied the application of a variety of leftover materials in the production 
of lightweight bricks. Sawdust, spent earth from oil filtration, compost, and marble residue were used 
to fabricate bricks with different proportions by weight (0-10% for sawdust, 0-20% for marble, and 0-
30% for compost and spent earth from oil filtration). In order to obtain adequate plasticity and avoid 
defects, the necessary amount of water (7-10%) was added to the samples with the exception of spent 
earth from oil filtration, due to its oil content. The samples were fired in a laboratory furnace at a rate of 
3 °Cmin
-1 
up to 950 °C and 1050ºC for 4 h. After firing, no cracks and bloating or black core on the 
fracture section of the residue-containing fired samples were observed. The effect of adding these 
materials on the behaviour of the brick was assessed by linear shrinkage, water absorption, bulk 
density, suction absorption, and compressive strength. The addition of sawdust and marble increased 
the linear shrinkage of the brick whereas the spent earth from oil filtration produced a slight expansion 
in the brick samples incorporating more than 15% of the residue. The apparent porosity and water 
absorption decreased from 950ºC to 1050ºC and increased as more waste was added. The results 
indicated that the bulk density of the manufactured bricks increased with the firing temperature; 
however, the addition of residue content decreased the bulk density for both temperatures. The 
compressive strength of most of the fired bodies decreased with the addition of residue at both 
temperatures, whereas the higher temperature increased the compressive strength of the samples. 
Based on the test results, Eliche-Quesada et al. (2012) recommended that 5% sawdust, 10% 
compost, and 15% spent earth from oil filtration and marble residue could be used as raw materials in 
manufacturing clay bricks as these percentages fulfilled the technological standards for traditional 
bricks.  
Chemani and Chemani (2012) studied the application of different sawdust materials in the production 
of fired-clay bricks. Ceramic bricks were manufactured incorporating 3-9% of sawdust and green 
bricks were fired at 850°C and 950°C. The effect of incorporating sawdust into bricks was assessed 
for their technological properties including drying and firing shrinkage, water absorption, porosity, bulk 
density, and compressive strength. The test results showed that bricks sintered at 950°C showed 
better properties. The optimum results were obtained for bricks with 9% sawdust and 24% water. 
2.4.3.5 Gold Mill Tailings 
Roy et al. (2007) examined the possibility of producing bricks from the mill tailings with some additives, 
such as Ordinary Portland cement, black cotton soil, and red soil. Different amounts of gold mill 
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tailings (0-75%) were mixed with black cotton soil or red cotton soil. Green samples were air dried at 
room temperature for 2 days and sun dried for 3 days prior to firing in an electric furnace at three 
different temperatures (750ºC, 850ºC, and 950ºC) for 9 h. The effect of adding gold tailings on the 
properties of bricks was evaluated by the compressive strength, water absorption, and linear 
shrinkage. The test results indicated that 65%, 75%, 50%, and 45% of mill tailings could be mixed for 
the four different types of soils studied to produce bricks that passed the criteria in terms of 
compressive strength, linear shrinkage, and water absorption.  
2.4.3.6 Biomass 
Biomass is defined as ‘‘the biodegradable fraction of products, waste and residues of biological 
activities from agriculture (including vegetable and animal substances), forestry and related industries, 
including fishing and aquaculture, as well as the biodegradable fraction of industrial and municipal 
waste” (Eliche-Quesada and Leite-Costa, 2016). There has been great interest in the use of biomass 
as a partial raw material to clay in the manufacture of fired-clay bricks.  
Bories et al. (2015) investigated the effects of the incorporation of wheat straw, sunflower seed cake, 
and olive stone flour as pore-forming agents on the properties of fired bricks. The physical properties 
including linear shrinkage, loss on ignition, bulk porosity, water absorption, thermal performances, and 
bulk density were measured. The experimental results showed that the best compromise was from 
incorporating 4% sunflower seed cake by weight, with the lowest grinding, which increased the 
porosity by 23% compared to the reference brick with no additives. In addition, the bending strength 
and thermal conductivity for the manufactured bricks were 17% and 61% less, respectively, compared 
to the reference brick. 
Martínez-Martínez et al. (2016) studied the incorporation of glycerine, a by-product of biodiesel 
production, and raw clays. In order to evaluate the effect of pore formation for the organic materials in 
the clay matrix, different percentages of glycerine (5, 7.5, 10, 12.5, 15, 17.5, and 20% wt) were added 
to the clay. Brick samples were moulded under 54.5 MPa pressure by means of a uniaxial laboratory 
press. Samples were oven dried for 24 hrs at 110°C and then fired in an electric furnace at a ramp 
rate of 8°C/min up to a maximum of 950°for 1 hr. The properties of the bricks, including linear 
shrinkage, mass loss on ignition, bulk density, water absorption, water suction, porosity, and 
compressive strength were examined to verify that the resulting bricks samples fulfilled the building 
standards. The test results showed that technological properties of bricks incorporating different 
percentages of glycerine did not change significantly compared to those in bricks without glycerine. 
However, the addition of 5% wt of glycerine reduced the bulk density, compressive strength, and 
thermal conductivity by 4.5, 3.3, and 0.4%, respectively. The higher addition of glycerine (20%) 
decreased the bulk density by 17.2%; thermal conductivity by 47.5%; and compressive strength by 
77.7% compared to the control bricks. Interestingly, all the values for the physical and mechanical 
properties fall within the range required by the specific standards for bricks. 
Aouba et al. (2016) examined the significance of adding olive stone flour and wheat straw residue to 
improve the thermal performance of bricks. Different percentages of olive stone flour (2,4,5, and 8%) 
and wheat straw (1, 3, 5, and 7%) were added to the clay, and green bricks were fired at 920°C for 1hr 
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in a furnace. The physical and mechanical properties of the bricks, including the compressive strength, 
density, water absorption, shrinkage, thermal conductivity, and loss on ignition, were evaluated for 
waste created bricks. The test results showed that the addition of 5% olive stone flour and wheat straw 
residue showed better results, as they maintained the equilibrium between the reduction of weight and 
porosity increase, which correlated to a water absorption and mechanical decrease until acceptable 
values were achieved when compared to the standards. 
Velasco et al. (2015) studied the addition of kindling from vine shoots to improve the insulation 
properties of bricks. The test results for the thermal conductivity showed that the addition of 11% of 
kindling from vine shoots decreased the thermal conductivity by 62% compared to bricks without any 
waste. The compressive strength, bulk density, and linear shrinkage decreased with the addition of 
waste, whereas the water absorption increased. Velasco et al. (2015) concluded that the addition of 
up to 11% of kindling from vine shoots showed acceptable physical and mechanical properties, which 
were in accordance with the regulations for structural clay bricks.  
Eliche-Quesada and Leite-Costa (2016) used another type of biomass waste, olive pomace bottom 
ash. Different percentages of olive pomace bottom ash (10-50%) were added to conventional clay and 
green bricks, which were moulded by means of the semi-compression method. Green bricks were 
fired at 950°C for 4 hrs in an electric furnace. The physical and mechanical properties of the bricks 
showed that the bulk density and compressive strength decreased by 7-27% and 29-79%, 
respectively, with the addition of 10-50% of waste. The addition of olive pomace bottom ash into the 
ceramic body increased the water absorption and decreased the thermal conductivity. The leaching of 
heavy metals from the ceramic structure met the Spanish and USEPA regulatory thresholds. Eliche-
Quesada and Leite-Costa (2016) concluded that the addition of 10% waste showed optimal 
technological properties. 
Mohammed et al. (2014) studied the addition of rice straw and microcrystalline cellulose in the 
presence or absence of cement kiln dust to produce fired-clay bricks. The composition of oxides 
present in the raw materials was characterised by XRF. Bricks were fired at 800, 900, and 1000°C for 
1 hr. The effect of the addition of waste materials into the ceramic body was evaluated in terms of bulk 
density, compressive strength, and porosity. The microstructure of the bricks was evaluated by SEM 
analysis. The test results showed that incorporating 10% of microcrystalline cellulose improved the 
compressive strength of bricks compared to the control bricks at a firing temperature of 1000°C. 
Compared to rice straw bricks, microcrystalline bricks showed better physical and mechanical 
properties, both in the presence or absence of cement kiln dust.  
De la Casa and Castro (2014) studied the possibility of using milled and micronised washed olive 
pomace ash as a replacement for clay in the brick manufacturing industry. These materials were 
added in different amounts (5 and 10 wt%) to replace natural clay soil. The properties of the newly 
made bricks were compared with the control bricks with no waste materials. There was a reduction in 
the thermal conductivity of bricks formed with ash when compared to the control bricks. Even though 
the bulk density and bending strength decreased with the addition of ash, the fired-clay bricks still 
fulfilled the standard requirements. It was shown that milled ash performed better than micronised ash. 
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Furthermore, the test results indicated that the ash leachate was a valuable source of potassium, 
which could be used in manufacturing fertilisers. 
The objective of the research conducted by De la Casa et al. (2012) was to use alperujo, the main 
residue from the two-phase olive oil extraction, as a substitute for clay in fired-clay bricks. Different 
percentages of waste material were added to clay (3-12%) and the properties of the resulting bricks 
were compared with the conventional bricks without waste materials. A number of advantages could 
be obtained from using alperujo as a raw material to produce bricks. Most importantly, the heating 
value obtained from alperujo (from its organic content) reduced the heating requirements in the firing 
process, which, in turn, saved the energy. In addition, it was found that 12% of alperujo could be 
substituted without compromising the mechanical properties of the bricks with all the values remaining 
within the regulatory limits. 
2.4.3.7 Waste Sand 
Alonso-Santurde et al. (2012) demonstrated the feasibility of utilising green and core waste sand in 
brick manufacturing. The waste sand produced in the foundry industry was used in this study. Sand 
coming from the breakdown of the molds (green sand) and sand coming from the cores (core sand) 
were mixed with clay with a dosage up to 50% and fired at different temperatures (850, 950, 1050) in 
the laboratory and industrial kilns. Raw material compositions were first characterised using XRD and 
XCRF analysis. The influence that the waste amount and firing temperature had on the firing 
shrinkage, LOI and water absorption were then evaluated using UNE standards. It was found that 
firing at 1050°C produced bricks of better quality. Hence, bricks were then fired in an industrial kiln at 
1050°C and the properties evaluated. The firing shrinkage, density, water absorption, and flexural 
strength of the clay/waste bricks followed a linear correlation to the waste sand content when fired in 
an industrial kiln at a temperature of 1050°C. An optimisation model was developed in this research 
using GAMS 23.2%, and 35% of green sand and 25% of core sand was found to be the optimum 
amount of sand that could be incorporated in fired-clay bricks without compromising the chemical and 
mechanical properties. 
Quijorna et al. (2012) used foundry sand and waelz slag by replacing clay in the manufacturing of 
fired-clay bricks. The current disposal option for foundry sand and waelz slag is landfill. However, they 
are a potential cause of environmental pollution from the leaching of heavy metals. In this research, 
these two waste materials were incorporated in fired-clay bricks with a maximum percentage of 30%. 
The raw material composition was assessed using XRF analysis. The thermal behaviour of the raw 
materials was evaluated using TGA. Bricks with no waste were used as the control brick sample. The 
physicochemical and environmental properties of the manufactured bricks were evaluated, and it was 
found that the bricks with waste materials have lower water absorption when compared to the control 
bricks. A significant reduction in CO2 and NOx was noticed during the firing stage. The addition of 
these waste materials into fired-clay bricks decreased the leachability of Ba, Cr, and Pb. However, the 
addition of foundry sand and Waelz slag increased the leaching of As and Mo. 
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2.4.3.8 River Sediments 
Mezencevova et al. (2012) carried out a laboratory scale study by incorporating sediments dredged 
from Savannah Harbour in the USA into fired-clay bricks. Fired-clay bricks with no addition of waste 
were used as the control specimens, and bricks with 100% and 50% of sediments were made. Bricks 






C being found to be the 
most suitable temperature for making clay-sediment bricks. XRD and XRF analysis were conducted in 
order to find the composition of the raw materials. The physical and mechanical properties of the 
bricks were evaluated and found to comply with the ASTM standards. The results showed that the 
production of fired bricks with sediments from Savannah Harbour was promising. 
2.4.3.9 Silica Fume 
Baspinar et al. (2010) investigated the effect of the addition of different percentages of silica fume (2.5, 
5, 10%), which is an inorganic waste material, on the properties of fired-clay bricks. Raw materials 
were characterised by XRF, XRD, and particle size distribution. Green samples were produced by 
uniaxial pressing and fired at 800, 900, 1000, and 1100°C. The test results showed that the addition of 
silica fume into the ceramic body improved the efflorescence behaviour of the bricks. The bulk density 
of the bricks decreased with the addition of silica fume at firing temperatures below 1000°C. The 
compressive strength of the bricks increased with the addition of silica fume of more than 2.5%, while 
a decrease in the bulk density was observed. Baspinar et al. (2010) concluded that incorporating silica 
fume into bricks was a feasible alternative for the utilisation of low-quality waste silica fume. 
2.4.3.10 Vegetable Matter 
Saiah et al. (2010) conducted a study on incorporating seven different vegetable matters – wheat 
seeds, wood fibres, colza seeds, corn cob, maize seeds, wheat straw, and sunflower seeds – in fired-
clay bricks. The raw materials were characterised by their chemical composition, density, particle size 
distribution, and initial moisture content. The bricks were dried between 20 and 50h in a dryer before 
being fired at high temperatures, which varied between 850°C and 1150°C. Manufactured bricks were 
evaluated for their physical and mechanical properties, such as density, open porosity, water 
absorption, visual appearance, elastic modulus, dynamic modulus, and thermal conductivity. The test 
results showed that bricks manufactured incorporating wheat straw provided the best compromise 
between the thermal and mechanical properties. 
2.4.3.11 Rice Husk and Rice Husk Ash 
Sutas et al. (2012) investigated the effects of adding rice husk and rice husk ash on the properties of 
fired-clay bricks. The rice husk and rice husk ash were varied by 0-10% by weight. Bricks were fired in 
a kiln at 700°C for 7 days, and the properties were assessed in accordance with the Thai industrial 
standards. The results suggested that the addition of rice husk and rice husk ash would result in lower 
compressive strength and density when compared to the control bricks made of clay with no waste. 
Furthermore, it was revealed that 2% of rice husk ash was the optimum value for a compressive 
strength of 6.2 MPa, density of 1.68 g/cm
3
, and water absorption of 15.2%. 
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2.5 SUMMARY 
This chapter presented detailed knowledge of the environmental issues associated with the excessive 
production of biosolids throughout the world. The production of biosolids has dramatically increased 
due to the urbanisation and improvement of treatment methods, and, as biosolids remain in stockpiles 
throughout the world, a sustainable recycling destination is required. In this literature review, the 
detailed explanation of the use of various waste materials as an alternative raw material in 
manufacturing bricks was presented.  A variety of recycled waste materials and their effect on the 
physical and mechanical properties of bricks was reviewed. Table 2.5 shows the summary of all 
papers considered in Section 2.4. Type of additives used to make bricks, their location, brick sizes, 
mixing percentages, moulding process, drying and firing conditions were also included.
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Table 2.5 Referenced reviews in Section 2.4, country, additives, and manufacturing methodology for brick samples 
Reference Country Additive 







Drying Condition Firing Condition 
(Tay, 1987, 












Extrusion 24hrs oven at 100°C 
At 1080°C – about 24 
hrs in a kiln 
Sludge Ash 10,20,30,40, 50 Extrusion 24hrs oven at 100ºC  
At 1080°C – about 24 
hrs in a kiln 
(Tay et al., 
2001)  
Singapore Industrial Sludge 75×40×32 30 - 100 Extrusion Air dried 
At 1050°C for 24 hrs 
in a kiln 
(Weng et al., 
2003)  




24 hrs air dry &   
24 hrs oven dry at 
103°C 
880°C~1000°C for 
6hrs in a combustion 
chamber 
(Liew et al., 
2004a, Liew et 




Dewatered sludge 215×102.5×65 10,20,30,40 
Hand 
moulding 
85 hrs oven dry at 
150°C 
At 985°C – about 14 











1020°C~1080°C in a 
kiln 
(Rouf and 
Hossain, 2003)  
Bangladesh 
Arsenic & Iron Treatment Plant 
Sludge 
122.5×58.5×38.1 5, 15, 25, 50 Not given 
24 hrs air dry &   
24 hrs oven dry at 
105ºC 
950°C ~1050°C for 
6hrs in electric 
furnace 
(Sengupta et 
al., 2002)  
India 
Petroleum effluent treatment plant 
sludge 
280×130×170 41 Not Given 
Air dried  at ambient 
conditions 
1000°C ~1100°C 
(Chen et al., 
2011)  
China Hematite tailings & Fly ash 50 × 50 (cylinder) 
85 - 100 
Pressing 
(20MPa) 
6 – 8 hrs oven dry at 
105ºC 





6 – 8 hrs oven dry at 
105ºC 
850°C ~1050°C for 2 
hrs in electric furnace 
(Haiying et al., 
2011)  
China 
Municipal Solid Waste Incineration Fly 
Ash 
Not Given 20 
Pressing (1 
tonne) 
Dried at 60ºC 
900ºC~1050ºC for 2 
hrs 
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Reference Country Additive 







Drying Condition Firing Condition 
(Kayali, 2005)  Australia Fly Ash Not Given 100 Not Given Dried for 3 days 







2012, Kadir et 













24 hrs oven dry at 
105ºC 
1050°C for 3 hrs 
(Veiseh and 
Yousefi, 2003) 
Iran Polystyrene foam 100×100×70 0.5,1,1.5,2 Pressing 
Air dried for 3 days 
and oven dried at 
110±5ºC 
900°C ~1050°C  
(Sutcu and 
Akkurt, 2009)  
Turkey Paper Processing Residue 85×85×10 10,20,30 
Pressing (10 
MPa) 
24 hrs air dry &   
1 hr oven dry at 
45ºC 
At 1100°C – about 1 
hr in a furnace 
(Demir et al., 
2005)  
Turkey Kraft Pulp production residue 
33×40 (cylinder) & 
25×25×150 
2.5,5,10 Extrusion 
72 hrs dry at 21°C  & 
oven dry at 105ºC 
At 900°C – about 30 
minutes in a furnace 




100×75×40 2.5, 5,10 Extrusion 
72 hrs dry at 21°C  & 
oven dry at 105°C 





al., 2005)  





20, 25, 30, 35, 40, 
45, 50, 55, 60 
Extrusion Not Given 
800, 900 and 1000°C 
at the laboratory & 
750 – 850_°C at 
industrial scale 
(Eliche-







0, 2.5, 5, 7.5, 10 Pressing 
(54.5  MPa) 
24 hrs at at 110°C 
950ºC & 1050ºC for 4 
hrs in an electric 
furnace Marble 5, 10, 15, 20 
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Reference Country Additive 







Drying Condition Firing Condition 
Compost 
5,10, 15, 20, 25, 
30 
Spent earth from oil 
filtration 
5,10, 15, 20, 25, 
30 
(Roy et al., 
2007) 
India Gold Mill Tailings 100×100×76 0 to 75  Not given 
Air dried for 2 days, 
sun dried for 3 days 
750ºC, 850ºC, & 
950ºC for 9 hrs in an 
electric furnace 




105×79×17 4 and 8 Extrusion Dried  at 105ºC 
At 920°C for 1 hr in an 
electric furnace 
Sunflower seed cake 
Olive stone flour 
(Martínez-
Martínez et al., 
2016) 
Spain Glycerine 60×30×12 
5, 7.5, 10, 12.5, 
15, 17.5, 20 
Pressing 
(54.5  MPa) 
24 hrs at at 110°C 
At 950°C for 1 hr in a 
furnace 
(Chiang et al., 
2009)  
Taiwan 
Rise Husk Ash & Water Treatment 
Sludge 
20Ø×55 (cylinder) 5, 10,20,25 
Pressing 
(5.5 MPa) 
2 hrs at at 105°C 
Between 800°C and 
1100°C  for 3 hrs in a 
furnace 












2,4,5 and 8 
Extrusion Dried at 105°C 
920
°




1,3,5, and 7 
(Velasco et al., 
2015)  
Chile Kindling from vine shoot 





Dried at 100°C with 






Spain Olive pomace bottom ash 30 x 10 x 60 0,10,20,30,40,50  
Pressing 
(54.5 MPa) 
Dried at 105°C 
At  950
0
C for 4 hrs in 
a furnace 
(Mymrin et al., 
2015)  
Brazil 
Paper production sludge 
60 x 20 x 10 
12.5 ,15, 17.5, 20 
Pressing  
(10MPa) 
Dried at 100°C for 
24 hrs 
At  700, 800, 900, 
1000, 1050, and 
1100
0
C for 4 hrs in a 
muffle furnace 
Scrap glass 10 and 15 
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Reference Country Additive 







Drying Condition Firing Condition 
(Pérez-Villarejo 
et al., 2015) 
Spain Galvanic Sludge Wastes 30 x 10 x 60 1,2,3,4,5 
Pressing 
(54.5 MPa) 






C for 1 hr in a 
furnace 
(Baspinar et 
al., 2010)  
Turkey Silica Fume 
30Ø×60 (cylinder) 
& 
80 x 16 x 8 
2.5, 5, 10 
Pressing 
(9.81 MPa) 
Dried in oven for 24 
hrs 
At 800, 900, 1000 and 
1100°C in an 
electrically heated kiln 
(Alonso-







At  850, 950,1050°C 
for 3.5h in a muffle 
furnace Core sand 10,20,30,40,50 
(Quijorna et al., 
2012) 





C for 1h in a 
tunnel kiln 
(Mezencevova 
et al., 2012)  




25°C to 110°C 
At 900, 950,1000°C 
for 5 hrs in an electric 
furnace  
(Eliche-
Quesada et al., 
2015)  
Spain 
Sludge from oil refining industry 
60x30x10 
2.5, 5, 7.5, 10,15, 






C for 4 hr in a 
furnace 
Sludge from pomace oil extraction 
industry 
10, 15, 20, 25, 30 







In a dryer between 
20 and 50 hrs 
Between 850°C and 
1150°C  
Softwood 7.0 
Colza seeds 9.1 
Corn cob 6.0 
Maize seeds 9.0 
Wheat straw 5.9 
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Reference Country Additive 







Drying Condition Firing Condition 
Sunflower seeds 9.1 




Rice husk ash 100x150x 
300 mm 
2,4,6,8,10 Extrusion - 
700°C for 7 days in a 
Kiln Rice husk 
(Herek et al., 
2012)  




Dried at 100°C for 
24 hrs 
From 100 to 900°C 
during 3 days  with 
increases at 24 hrs 
200x100x 
150 mm (industrial 
scale) 
(Mohammed et 
al., 2014)  
Egypt 





800, 900, 1000°C for 
1 hr  Microcrystalline cellulose 5,10 









for 12 hrs then 
110°C for 8 hrs 
1000, 1020, 1050°C  
in an electric furnace Micronized olive pomace ash 5 
(De la Casa et 
al., 2012)  
Spain 
Residue from the two-phase olive oil 
extraction (alerujo) 
130x30x18 mm 3, 6, 12 Extrusion 
Room temperature 
for 12 hrs then 
110°C for 8 hrs 
1000, 1020, 1050°C  
in gas-fired tunnel kiln 
(Martínez-
García et al., 
2012)  







C for 48h 
950
0
C for 24 hrs  in 




Algeria Sawdust - 3, 6, 9% - 
21 °C, 60% relative 
humidity) for 72 hrs 
by a ventilated oven 
at 105°C 
In tunnel furnace at 
temperatures of  850 
and 950° C 
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Moreover, the possible environmental impacts associated with these new products, in particular, the 
leaching of toxicity heavy metals, were reviewed. Based on a comprehensive literature review, the 
promising incorporation of various types of waste materials in fired-clay bricks is encouraging and 
provided motivation for the study. It is apparent that the shortage of natural resources, higher demand 
for land spaces, and increasing biosolids management costs could accelerate the reuse of biosolids in 
fired-clay bricks, which could be identified as a viable and sustainable route for recycling biosolids. 
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 CHAPTER 3
Chapter 3 GEOTECHNICAL AND CHEMICAL CHARACTERISTICS 
OF ETP AND WTP BIOSOLIDS 
INTRODUCTION 
Among various waste materials, biosolids are the waste material of particular interest in this study for 
fabricating fired-clay bricks. The biosolids samples used in this study were produced at ETP and WTP 
in Melbourne, Australia. Therefore, characterization of the geotechnical properties and chemical 
composition of the ETP and WTP biosolids was of the utmost importance before being incorporated 
into fired-clay bricks. This chapter presents some of the geotechnical properties, chemical 
composition, and heavy metal content of ETP and WTP biosolids, which were determined during the 
first stage of this study. The variation in the compaction characteristics of ETP biosolids-soil mixtures; 
namely, maximum dry density and optimum moisture content, were extensively discussed in this 
chapter. This chapter further presented the geotechnical properties and chemical composition of 
bricks soil used in this study. The testing methods and results of the physical and chemical properties 
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GEOTECHNICAL AND CHEMICAL CHARACTERISTICS OF ETP AND WTP BIOSOLIDS 
Aruna Ukwatta, Abbas Mohajerani 
Civil and Infrastructure Engineering, School of Engineering, RMIT University, Melbourne, VIC 
ABSTRACT 
Stricter regulations on the quality of wastewater treatment by-products are giving rise to an increasing 
volume of stockpiled biosolids. The annual production of biosolids in Australia is approximately 
300,000 dry tonnes, which involves a biosolids management cost of about A$90 million. Biosolids are 
the end product and the main solid component collected from the wastewater treatment process. This 
paper presents some of the geotechnical and chemical properties of two samples of biosolids 
collected from Melbourne Water’s Eastern Wastewater Treatment Plant (ETP) stockpile No. 22 and 
the Western Wastewater Treatment Plant (WTP) stockpile No. 10. Various geotechnical tests –liquid 
limit, plastic limit, particle density, particle size distribution, organic content, and linear shrinkage – 
were undertaken. In addition, chemical tests comprising leachate analysis for heavy metals and 
chemical composition were conducted on the samples of biosolids. From an environmental 
perspective, all the samples of biosolids were found to be safe in terms of leaching for use as a landfill 
application material. The experimental results showed that the ETP biosolids have about 7% of 
organic content with some of the geotechnical and chemical properties similar to a conventional soil 
with similar particle size distribution. In addition, empirical relationships were obtained for the 
compaction behaviour of the ETP biosolids and a comparison soil used in this study. The results 
obtained in this study can be used as a guide for the use of ETP and WTP biosolids in different civil 
engineering applications. 
Keywords: Biosolids; organic soil; geotechnical properties; recycling; waste management 
3.1 INTRODUCTION 
Over the last two decades, the growth of implementing new wastewater treatment plants, continuous 
upgrading of wastewater treatment processes, and stringent controls concerning the quality of 
wastewater discharges have given rise to increasing the annual production of biosolids (Rulkens, 
2007, Arulrajah et al., 2011, O'Kelly, 2004). Biosolids are the primary by-product of the wastewater 
sludge treatment process.  Sludge is a sticky liquid, which, generally, contains up to 8% of dry solids 
and is collected from the wastewater treatment process, but, which has not undergone further 
treatment (AWA, 2012). In contrast, Melbourne Water biosolids contain between 50% and 96% of 
solids, and, have undergone further treatment to significantly reduce any volatile organic matter, 
thereby producing a stabilised product suitable for beneficial uses (ANZBP, 2012).  
The annual production of biosolids in Australia is approximately 300,000 dry tonnes, from which over 
half (55%) is applied to agricultural land for beneficial use. In addition, just under a third (30%) is 
disposed of in landfill or stockpiled and the balance (15%) is used in composting, forestry, land 
rehabilitation or incinerated (AWA, 2012). Furthermore, in 2013, Melbourne Water produced around 
78,650 m
3 
of biosolids, and it is important to point out that 2,000,000 m
3
 of biosolids are presently 
stock-piled at the Eastern Treatment Plant (ETP) and Western Treatment Plant (WTP) in Melbourne, 
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which are suitable for forestry, farming, producing energy and structural fill (Melbourne Water, 2014b). 
It is notable that, in Australia, the average cost for biosolids management is in the order of A$300 per 
dry tonne, which equates to about A$90 million per year. As a similar trend has been observed in 
recent years in several developed and developing countries, it is of great interest and widely accepted 
throughout the world that there is an urgent need for reusing biosolids in a sustainable way. 
Although attempts have been made to address the geotechnical properties of biosolids, they are still 
limited, and need further investigation. The characteristics of sludge and biosolids have been studied 
in various countries including Australia, Hong Kong, the United States, Turkey, Singapore, and the 
United Kingdom (Puppala et al., 2007, Hundal et al., 2005, O'Kelly, 2004, Arulrajah et al., 2011)  
Puppala et al. (2007) evaluated the physical and engineering properties of a control cohesive soil 
supplemented with two types of material, biosolids and dairy manure. This study concluded that the 
biosolids and the dairy manure compost could provide engineering benefits to control soil when used 
in moderate proportions, because the physical and engineering properties are directly related to the 
amount of organic matter present in the biosolids and dairy manure.  
O'Kelly (2004) presented the geotechnical characteristics of the sludge from the Tullamore municipal 
wastewater treatment plant in the United Kingdom. The properties, including compaction, shear 
strength and consolidation, were determined to assess its suitability as a landfill (sludge-to-landfill) 
material. In this study, sludge was dewatered to the optimum moisture content (OMC) for compaction, 
placed in a landfill in layers and compacted to the maximum dry unit weight (MDU), thereby 
maximising the operational life of the landfill site. The geometry of the landfill is of the utmost 
importance in terms of its stability, and, therefore, effective-stress strength properties were used to 
determine the factor of safety against the slope stability of the landfill. 
Arulrajah et al. (2011) reviewed the research of Hundal et al. (2005) who studied the geotechnical 
characteristics of untreated biosolids including the compressibility, consolidation, and shear strength 
parameters. The samples of biosolids were obtained from a municipal wastewater treatment plant in 
Chicago, USA. Based on the experimental results, Hundal et al. (2005) concluded that the biosolids 
could be regarded as a potential alternative for embankment construction, and, moreover, the bearing 
capacity of biosolids can be enhanced by blending biosolids with topsoil or other residuals. 
Disfani et al. (2009a), and Disfani et al. (2009b) assessed the geotechnical properties of biosolids, 
which were obtained from the existing biosolids stockpiles, WTP in Melbourne, Australia.  Preliminary 
tests were conducted on samples made purely from recycled glass, and, also blended biosolids and 
recycled glass mixtures. The geotechnical properties including particle size distribution, compaction 
test, and direct shear test were performed for both, pure and blended mixtures. Disfani et al. (2009a), 
and Disfani et al. (2009b) concluded that the mixture of biosolids and recycled glass showed 
satisfactory shear strength characteristics, thereby indicating the excellent potential of these mixtures 
to be used as an embankment fill material for roads.  
Asakura et al. (2009) investigated the geotechnical properties of sludge as well as sludge in blends 
with slag, and construction and demolition waste in order to determine the allowable ratio of sludge 
required to ensure an aerobic zone in landfills in Japan. The geotechnical properties of sludge 
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including moisture content, loss on ignition, bulk density, particle density, particle size distribution, 
OMC, MDU were measured. Asakura et al. (2009) developed a method to improve sludge 
permeability, which involved blending sludge with slag and construction and demolition waste. 
The end-use of biosolids heavily depends on the characteristics of the biosolids, which could vary 
around the world as the properties of biosolids significantly depend on factors, such as the quality and 
composition of the wastewater, method and extent of treatment process (primary, secondary, or 
tertiary treatment), method used for the stabilisation of biosolids, and the age of the biosolids. It is 
noteworthy that the properties of the biosolids can vary from time to time, even within the same 
treatment plant due to the variations in the incoming wastewater composition (NSW DPI, 2009, 
Suthagaran et al., 2013, Silveira et al., 2003b, O'Kelly, 2004).   
The primary objective of this paper is to present and discuss some of the results from an ongoing 
study on the use of ETP and WTP biosolids in construction materials, such as fired-clay bricks and 
road embankment material. From an economic point of view, use of biosolids in various civil 
engineering applications not only contributes to deceleration of the growth of biosolids in stockpiles but 
is also a viable solution for the scarcity of natural resources. Recently, biosolids have been used as a 
promising alternative raw material in manufacturing fired-clay bricks (Ukwatta et al., 2015). 
3.2 MATERIALS AND METHODS 
Samples of Biosolids were obtained from ETP stockpile No. 22 (ETP SP22) and WTP stockpile No. 10 
(WTP SP10) in Melbourne, Australia (Fig. 3.1). The age of the ETP and WTP biosolids was about 12 
and 4 years, respectively. Since this paper presents some of the results of an ongoing study on the 
use of biosolids in fired-clay bricks, the soil used in the study, which was provided by Boral Bricks Pty 
Ltd, was used as a blending material to address the compaction characteristics of the biosolids. 
  
ETP SP-22 WTP SP-10 
Fig. 3.1 Samples of biosolids used in the study. 
The laboratory investigation was subsequently undertaken on samples of biosolids and geotechnical 
tests including liquid limit, plastic limit, particle size distribution, linear shrinkage, and compaction were 
conducted according to the Australian Standards (AS 1289.0, 2000), while the organic content test 
was conducted as per the British Standards (BS 1377-3, 1990). X-ray fluorescence (XRF) was used to 
quantify the chemical composition of the experimental soil and samples of biosolids. Leachate 
analysis was undertaken on the biosolids to examine the possibility of using biosolids as a landfill 
application according to the Australian Bottle Leaching Procedure (ABLP) (AS 4439.3, 1997). All the 
geotechnical properties were tested in triplicate, and the average values of the results are reported.  
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3.3 RESULTS AND DISCUSSION 
3.3.1 Geotechnical properties of the biosolids and the soil 
The chemical compositions of the soil and two biosolids samples, which were determined by XRF, are 
shown in Fig. 3.2. The soil presents a typical composition and mainly consists of Silica (SiO2), Alumina 
(Al2O3), and ferric oxide (Fe2O3), with minor contents of MgO, P2O5, and TiO2.  Both the ETP and WTP 
biosolids samples are formed by silica, alumina, and ferric oxide, which are the major oxide 
components, with small amounts of MgO, K2O, and TiO2. It is important to note that the WTP biosolids 
contain a relatively higher percentage of CaO and P2O5 compared to the ETP biosolids and the soil. 
   
Fig. 3.2 Chemical composition of the biosolids samples and the soil 
The geotechnical properties of the samples of ETP and WTP biosolids and the experimental soil are 
presented in Table 3.1. The specific gravity of the samples of biosolids and the soil was determined 
using a density bottle for the fine fraction of the particles, and by weighing in water for particles 
retained on a 2.36 mm sieve in accordance with the Australian Standards (AS 1289.3.5.1, 2006). 
Kerosene was used as a density liquid instead of deionised or distilled water, to avoid the dissolving of 
the water-soluble salts that could be present in the biosolids. However, distilled water was used as a 
density liquid in measuring the specific gravity of the soil. The specific gravity of the ETP and WTP 
biosolids samples was found to be 2.51 and 2.14, respectively, while the soil had the highest specific 
gravity of 2.69. Both samples of biosolids showed a relatively lower specific gravity compared to the 
soil, as expected, revealing that the samples of biosolids contained a higher amount of organic matter 
than the soil (Tay et al., 2001). 
The Atterberg limit test was performed on the biosolids and the soil samples to determine their 
plasticity characteristics. As presented in Table 3.1 and Fig. 3.3, the liquid limit (LL) of the ETP and 
WTP biosolids ranged between 46% and 53%, while the plastic limit (PL) of the samples of ETP and 
WTP biosolids ranged between 27% and 41%. The plasticity index (PI) was found to be in the range of 
19% and 12%, as shown in Fig. 3.3. In addition, the LL, PL, and PI of the soil were 32%, 29%, and 
13%, respectively. 
The particle size distribution of all samples was achieved by means of sieve analysis for particles 
greater than 75µm. All samples were oven dried, and dry sieving method was used. Large lumps were 
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by means of Malvern particle size analyser. The test results of the particle size distribution are 
summarised in Table 3.1. According to the particle size distribution test results, the ETP and WTP 
biosolids contain 0.4% and 13.4% of gravel size particles, while the soil sample contains 1.2%. The 
ETP biosolids have the highest percentage of sand particles. In contrast, the soil and the WTP 
biosolids contain 74.6% and 76% of sand particles, respectively. The percentage of fine particles (< 
0.075 mm) of the ETP and WTP biosolids slightly varied from 12.1% to 10.6%, while the soil had the 
highest percentage (24.2%) of fine particles. Based on the results of the particle size distribution and 
the Atterberg Limits, the WTP biosolids can be classified as well graded sand to silty sand (SW-SM) 
whereas both the ETP biosolids and the soil can be classified as silty sand (SM) according to the 
Australian Standards (AS 1726, 1993). 
 









ETP biosolids WTP biosolids Soil
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Table 3.1: Geotechnical properties of the samples of biosolids and soil. 
Test/ Property ETP Biosolids WTP Biosolids Soil 
Specific Gravity (%) 2.51 2.14 2.69 
Liquid limit (%) 46 53 32 
Plastic limit (%) 27 41 19 
Plasticity index (%) 19 12 13 
Linear Shrinkage 14.2 10 6.6 
Organic Content 7.1 22.1 1.4 
D10 (mm) 0.005 0.07 0.009 
D30 (mm) 0.2 0.4 0.13 
D60 (mm) 0.4 1.3 0.45 
Particle size > 2.36 mm (%) 0.4 13.4 1.2 
Particle size between 0.075 - 2.36 mm (%) 87.5 76.0 74.6 
Particle size between 0.002- 0.075 mm (%) 11.1 9.6 22.2 
Particle size < 0.002 mm) (%) 1.0 1.0 2.0 
Coefficient of uniformity (Cu) 8.0 18.6 50.0 
Coefficient of curvature (Cc) 2.0 1.8 4.2 
Australian soil classification SM SW-SM SM 
The linear shrinkage, which is an indirect method of estimating the swelling and shrinking capacity of 
soils, can be calculated as the percentage reduction in the length of the bars of the soil samples 
prepared in the liquid limit condition, after they have been air dried for 24 h followed by oven drying 
until no further length reduction is observed. The linear shrinkage of the ETP biosolids, WTP biosolids, 
and the soil was found to be 14.2%, 10% and 6.6 %, respectively. 
The WTP biosolids have a significantly higher organic content of 22.2% compared to the ETP 
biosolids and the soil, which was 7.1% and 1.23%, respectively. It is important to point out that the 
organic content of the samples has a considerable influence on the plasticity index, strength, and 
compressibility characteristics (Puppala et al., 2007). Moreover, higher values of organic content in 
biosolids are not desirable to their usage as a fill material in civil engineering applications due to the 
decomposition settlement, as organic matter is subject to biodegradation. However, biosolids with 
higher organic content can still be used as a non-structural fill from the perspective of engineering 
applications. 
3.3.2 Compaction characteristics of biosolids 
The compaction curves of ETP and WTP biosolids are shown in Fig. 3.4. The standard proctor 
compaction results indicated that the biosolids had a significantly higher MDU and lower OMC 
compared to that reported in previous studies. Several studies have reported much lower MDU values 
for organic materials, such as sludge with a MDU of 5.5 kN/m
3 
(O'Kelly, 2006) and biosolids with a 
MDU of 8 kN/m
3
 (Arulrajah et al., 2013). Both the ETP and WTP biosolids showed a much higher 




, respectively, which is believed to be the function of the organic 
content present in the biosolids. The OMC of WTP biosolids was found to be much higher (38%) than 
the OMC of ETP biosolids (23%). The shape of the compaction curves of the biosolids showed a 
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typical convex nature similar to that of conventional soils, which is a positive sign for using biosolids as 
a replacement material for natural soil in civil engineering applications. The OMC and MDU of the soil 




Fig. 3.4 Standard proctor compaction curves for the biosolids and the soil samples 
A series of compaction tests was conducted at different percentages (0% to 100%) of the ETP 
biosolids-soil mixtures. The test results showed that the MDU and OMC of different ETP biosolids-soil 
mixtures were functions of the percentage of the organic matter present in the mixture. The MDU and 
OMC varied linearly with the percentage of organic content present in the mixture, as shown in Fig. 
3.5. The R-squared values indicated that there were strong correlations (R
2
 = 0.95 and R
2
 = 0.97) 
between the MDU and OMC with the percentage of the organic content in the sample. 
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As shown in Fig. 3.6, there was a linear relationship between the MDU values and the corresponding 
OMC of ETP biosolids-soil mixtures. 
 
Fig. 3.6 MDU vs. OMC for different soil-ETP biosolids mixtures. 
The particle size distribution, shape of the soil grains, and the amount and type of clay minerals 
present in the sample have a considerable influence on its compaction behaviour. All the compaction 
curves were found to be bell shaped with a single-peak point; this type of curve is generally found in 
soils that have approximate liquid limit boundaries of 30 and 70 (Das, 2008, Lee and Suedkamp, 
1972). It is noteworthy that the ETP biosolids resulted in an increase in the OMC and a decrease in 
the MDU from the soil. The variations are primarily attributed to both the percentage of the organic 
matter and the fine particles present in the respective biosolids-soil mixtures. Percentage of fine 
particles present in the biosolids-soil mixture decreased due to the addition of biosolids, which 
contains a higher percentage of coarse particles. Compaction behaviour of biosolids-soil mixture was 
significantly changed due to this variation of fine particles. 
3.3.3 Leachate Analysis on Biosolids samples 
Two samples of biosolids were tested for different types of heavy metals, and the results are shown in 
Table 3.2. The condition of filtered biosolids extracts after the ABLP extraction process was completed 
is shown in Fig. 3.7. The heavy metal concentrations of ETP and WTP biosolids are assessed against 
the leachable concentration thresholds as specified in EPA Victoria (2009a) and  EPA Victoria (2009b) 
for soils. The test results showed that heavy metal concentrations of ETP and WTP biosolids are much 
lower than the category C leachable concentration thresholds (EPA Victoria, 2009b).  
y = -0.3863x + 23.7361 
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ETP biosolids WTP biosolids 
Fig. 3.7 ABLP extracts of ETP and WTP biosolids. 
Table 3.2: Leachable heavy metal concentrations of biosolids (all concentrations are in mg/L). 
Heavy Metal Category C upper limits ETP Biosolids WTP Biosolids 
As 0.7 <0.009 <0.009 
Cd 0.2 <0.018 <0.018 
Cr 5.0 <0.004 <0.004 
Cu 200.0 4.25 7.89 
Pb 1.0 <0.01 <0.01 
Se 1.0 <0.045 <0.046 
Zn 300 34.87 74.94 
3.4 CONCLUSION 
This paper deals with the geotechnical properties of samples of biosolids, which were collected at 
ETP-SP22 and WTP-SP10 in Melbourne. In recent years, the use of biosolids in civil engineering 
applications has been of great interest and has become an innovative approach to the management of 
biosolids. Therefore, knowledge concerning the compaction behaviour and geotechnical properties of 
biosolids is the utmost importance when it comes to civil engineering applications. 
Wastewater biosolids samples produced at ETP and WTP in Melbourne, Australia, were tested to 
investigate their geotechnical and chemical characteristics. It was found that the ETP and WTP 
biosolids can, respectively, be classified as silty sand (SM) and well-graded sand to silty sand (SW-
SM), according to the Australian Standard. The organic contents of the ETP and WTP biosolids were 
7% and 22.1%, respectively. Both the ETP and WTP biosolids samples as well as the soil sample are 
basically formed by silica, alumina, and ferric oxide. However, WTP biosolids contain a relatively 
higher percentage of CaO and P2O5 compared to the ETP biosolids and the soil. 
The compaction behaviour of biosolids is important, when applying biosolids as a construction 
material. The results indicated that the OMC and MDU of the ETP biosolids were linearly proportional 
to the organic content present in the biosolids-soil mixture. The OMC increased and the MDU 
decreased, as the percentage of the organic content increased in the mixture. Therefore, it can be 
concluded that the organic content and particle size distribution of the tested biosolids-soil mixtures 
had a considerable influence on their compaction characteristics. 
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The leachate results of the two samples of biosolids were found to pose no environmental issues for 
use in landfill applications. In addition, some of the geotechnical and chemical properties of the ETP 
biosolids were similar to a conventional soil with similar particle size distribution. 
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3.6 ABBREVIATIONS 
ETP Eastern Treatment Plant  
WTP Western Treatment Plant 
OMC Optimum Moisture Content 
MDU Maximum Dry Unit Weight 
ETP-SP22 ETP Stockpile No.22 
WTP-SP10 WTP Stockpile No.10 
XRF X-ray fluorescence 
LL Liquid Limit 
PL Plastic Limit 
PI Plasticity Index 
ABLP Australian Bottle Leaching Procedure 
BCC Biosolids Contaminant Concentration 
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3.8 SUPPLEMENTARY INFORMATION 
Standard proctor compaction curves with 0% and 5% of air voids curves for brick soil, ETP biosolids, 
and WTP biosolids used in this study are shown in Fig. 3.8, Fig. 3.9, and Fig. 3.10, respectively. As 
can be seen in Fig. 3.8, Fig. 3.9, and Fig. 3.10, percentage of air voids related to the maximum dry 
density of all samples were approximately 5%.  
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Fig. 3.8 Standard proctor compaction curves with 0% and 5% of air voids curves for brick soil 
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 CHAPTER 4
Chapter 4 POSSIBLE USE OF BIOSOLIDS IN FIRED-CLAY 
BRICKS 
INTRODUCTION 
After investigating the physical and chemical properties of biosolids, a preliminary investigation was 
carried out to study the effect of incorporating biosolids into fired-clay bricks as part of the first stage of 
this study. Three different sets of fired-clay bricks were manufactured incorporating 25% of three 
different ETP biosolids. The physical and mechanical properties, and microstructural analysis of 
manufactured biosolids-amended bricks were evaluated to select the most suitable ETP biosolids 
stockpile for producing quality bricks. Control bricks without biosolids were also produced to compare 
with the properties of biosolids-amended bricks. The testing methods and results of this preliminary 
investigation presented in this chapter were published in the Journal of Construction and Building 
Materials. The digital object identifier (DOI) of the published paper is 
http://dx.doi.org/10.1016/j.conbuildmat.2015.05.033  
In addition to three sets of ETP biosolids bricks, one set of bricks was also made incorporating 25% of 
WTP biosolids from WTP stockpile number 10 as part of this preliminary investigation. The physical 
and mechanical properties of WTP biosolids-amended bricks were presented as supplementary 
information in section 4.7.  
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POSSIBLE USE OF BIOSOLIDS IN FIRED-CLAY BRICKS 
Aruna Ukwatta, Abbas Mohajerani, Sujeeva Setunge, Nicky Eshtiaghi 
School of Civil, Environmental and Chemical Engineering, RMIT University, Melbourne, VIC, Australia 
ABSTRACT 
In Australia, thousands of tonnes of biosolids are produced annually and millions of dollars expended 
on their management. Biosolids are derived from wastewater sludge, which is the major solid 
component collected from the wastewater treatment process. This paper presents some of the results 
from a study concerning the use of biosolids in fired-clay bricks. The geotechnical characteristics of 
three biosolids samples from the stockpiles of the Eastern Treatment Plant (ETP) in Melbourne were 
investigated to assess their suitability as a partial replacement material for the clay in fired-clay bricks. 
The results of classification tests including liquid limit, plastic limit and sieve analysis indicated that the 
three biosolids samples were clayey sand and poorly graded silty sand. The linear shrinkage of the 
biosolids samples varied from 10% to 15% and the organic content varied from 6% to 14%. Control 
clay bricks with 0% biosolids and clay-biosolids bricks with 25% by weight of biosolids were made, and 
the properties including the compressive strength, shrinkage, dry density, initial rate of absorption 
(IRA), and water absorption were determined whereas thermal conductivity was estimated from an 
empirical model. Furthermore, the effect of adding biosolids on the microstructure of the fired-clay 
bricks was evaluated by Scanning Electron Microscopy (SEM). The results showed that the 
compressive strength of clay-biosolids bricks were 25.9, 17.4 and 16.2 MPa for the bricks with the 
three different biosolids samples used in the study. This was mainly because of the addition of 
biosolids samples with different organic content, which resulted in fired-bricks with higher apparent 
porosity and thus lower dry density and compressive strength. The compressive strength of the control 
fired-clay bricks was 36.1 MPa. 
Keywords: Biosolids, Fired-clay bricks, Recycling, Sustainable environmental management, Building 
materials 
4.1 INTRODUCTION 
Biosolids are primarily the nutrient-rich materials remaining after the wastewater sludge treatment 
process. Sludge refers to a liquid, which, generally contains up to around 8% of dry solids and is 
produced by the wastewater treatment process, and which has not undergone further treatment. In 
contrast, biosolids have undergone a treatment process, which includes aerobic digestion, anaerobic 
digestion, alkaline stabilisation, thermal drying, acid oxidation/disinfection, composting, etc. 
Consequently, biosolids may have different physical and chemical properties compared to sludge, 
according to the type of treatment process they have received. Melbourne Water biosolids contain 
between 50% and up to 96% dry solids and are a product of the wastewater sludge once it has 
undergone further treatment to significantly reduce disease-causing pathogens and volatile organic 
matter, thereby producing a stabilised product suitable for beneficial uses (ANZBP, 2012).  
The amount of biosolids produced annually in the world has increased dramatically because of the 
growth of new treatment plants and continuous upgrading of existing facilities (Rulkens, 2007). 
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Australia currently produces approximately 300,000 dry tonnes of biosolids annually from which 55% 
is applied to agricultural land, 30% goes to land fill or stockpiled and the 15% balance is used for 
composting, forestry and land rehabilitation (AWA, 2012). Furthermore, three million cubic metres of 
biosolids are presently stockpiled at the ETP and Western Treatment Plant in Melbourne, which are 
suitable for forestry, farming, producing energy and structural fill (Melbourne Water, 2014b). It is 
notable that, in Australia alone, approximately A$90 million is spent on the management of biosolids 
every year.  
At present, some biosolids are used as an agricultural land application due to its inherent organic 
matter and nutrient values (Wang et al., 2008). Attempts have been made to recover energy from 
biosolids, for example, methane production through aqueous anaerobic digestion, and electricity 
production from microbial fuel cells (Rulkens, 2007, GVRD, 2005). In addition, multi reuse strategies 
have been developed worldwide in respect of the management of biosolids. For instance, the use of 
biosolids in engineering applications is of great interest and has become an innovative approach to the 
management of biosolids, which undeniably reduces the demand for virgin natural resources (Disfani 
et al., 2009b, Rulkens, 2007, Arulrajah et al., 2011) 
Arulrajah et al. (2013) conducted a study on evaluating the geotechnical properties of wastewater 
biosolids to ascertain their suitability as a fill material in road embankments. After a comprehensive 
laboratory study, they found that the geotechnical properties of biosolids could be enhanced by either 
stabilizing biosolids with an additive or blended with high-quality material to enable biosolids to be 
used as an engineering fill material in road embankment applications. Moreover, Disfani et al. (2013) 
studied the settlement characteristics of aged biosolids for possible application as a fill material in road 
construction.  They used an analytical method to analyse the biodegradation settlement of a road 
embankment built with aged biosolids. 
Interestingly, the biosolids tested have similar properties to soil, such as moisture content, cation 
exchange capacity, and moisture retention, and have parallel geotechnical engineering properties to 
soil (Arulrajah et al., 2011); for instance, plastic behaviour, acceptable shear strength parameters and 
compaction ability. Furthermore, the geotechnical properties of biosolids are enhanced remarkably 
when blended or stabilised with binding additives (Lim et al., 2002, Maghoolpilehrood et al., 2013). 
The focus of this study is to investigate the possibility of using biosolids from Melbourne Eastern Water 
Treatment Plant in fired-clay bricks. Incorporating biosolids in fired-clay bricks could provide another 
alternative and sustainable method for the recycling of biosolids. 
Bricks are one of the oldest and major manufactured building materials that have been used over a 
long period of time. Dried-clay bricks and fired-clay bricks have been used from as early as 8000 BC 
and 4500 BC, respectively (Zhang, 2013). Due to their strength, reliability, weather resistance, 
simplicity and durability, bricks have been extensively used and given a leading place in history in 
conjunction with stone (Beall, 2004). In recent decades, there has been great interest in reusing 
different leftover materials in manufacturing construction materials such as masonry units (Horpibulsuk 
et al., 2014). Moreover, alternative approaches have been investigated to assess the suitability of 
different materials as a replacement material for the clay in fired-clay bricks; for instance, sludge 
(Weng et al., 2003, Liew et al., 2004a), sawdust (Demir, 2008), paper (Sutcu and Akkurt, 2009), 
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cigarette butts (Kadir and Mohajerani, 2011b), fly ash (Lin, 2006), sugar waste (Faria et al., 2012), 
polystyrene (Veiseh and Yousefi, 2003), and silica fume (Baspinar et al., 2010).  
The main objective of this study was to investigate the possibility of using aged biosolids from 
Melbourne Eastern Water Treatment Plant into fired-clay bricks. The ETP biosolids stockpiles have 
unique and different physical and chemical properties with different organic content.  Therefore, in this 
stage of the study, the effect of the addition of 25% by weight of three different biosolids samples from 
the ETP to the brick-clay on some physical and mechanical properties of bricks was investigated.  
4.2 MATERIALS AND METHODS 
The three biosolids samples used in this study were collected from existing stockpiles at the ETP in 
Melbourne (Fig. 4.1). Moreover, Boral Bricks Pty Ltd provided the brick soil for this investigation. The 
samples from these stockpiles were more than 12 years old. All samples were collected in airtight 
containers to maintain their in situ moisture contents.  
   
Biosolids Sample 1 - B1 Biosolids Sample 2 - B2 Biosolids Sample 3 - B3 
Fig. 4.1. Three biosolids samples used in the study. 
The chemical composition of the brick soil and biosolids samples were performed by means of X-ray 
fluorescence (XRF), using a Bruker AXS S4 Pioneer spectrometer, and a Bruker X-ray Diffractometer 
was used to characterise the major crystalline phases of the brick soil and biosolids samples.  
Geotechnical laboratory tests – specific gravity, liquid limit, plastic limit, particle size distribution, linear 
shrinkage - were conducted on the biosolids samples according to the Australian Standards (AS 
1289.1.1, 2001), while the organic content test was conducted as per the British Standards (BS 1377-
3, 1990). The geotechnical properties of the biosolids samples and the brick soil were tested in 
triplicate, and the average values of the results are reported.  
Control clay bricks with 0% biosolids and clay-biosolids bricks with 25% by weight of biosolids were 
manufactured.  All biosolids samples were oven dried at a temperature of 105ºC for 24 hours before 
adding to the brick soil. The moisture contents used for the control bricks and bricks incorporating 25% 
of B1, B2, and B3 were 17%, 18%, 18.5%, and 22.5%, respectively, which were the optimum moisture 
contents obtained from Standard Proctor Compaction test (AS  1289.5.1.1, 2003). The mixtures were 
prepared by means of a Hobart Mechanical Mixer with a 10 litre capacity for 5 minutes. Each brick 
sample was compacted with the same compactive effort in a mould of 100 mm diameter and 50 mm 
height, with a compaction pressure of 240kPa. The prepared green bricks were kept in the air for 24 
hours for air-drying followed by an oven drying period at 105ºC for 24 hours; the dried bricks were fired 
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in a muffle furnace at 1100ºC for 3 hours. The fired brick samples were then cooled to room 
temperature in the furnace itself. The manufactured bricks were tested for compressive strength, dry 
density, water absorption, IRA, weight loss on ignition, and shrinkage. All the tests on fired-clay bricks 
were performed according to the Australian Standards (AS/NZS 4456, 2003).  
The development of pores and the texture of the samples was evaluated by means of a Philips XL30 
scanning electron microscope. Brick samples were mounted on a 25mm pin stub and gently tied using 
carbon tape. Then samples were coated with gold using the SPI – Module sputter coater before 
analysis (Eliche-Quesada et al., 2012). 
4.3 RESULTS AND DISCUSSIONS 
4.3.1 Characterization of biosolids and brick samples 
The chemical composition of the brick soil and the three biosolids samples were determined by XRF, 
the results are shown in Table 4.1. The brick soil presents a typical composition and mainly consists of 
Silica (SiO2), Alumina (Al2O3), and Ferric Oxide (Fe2O3), with minor contents of MgO, K2O P2O5, and 
TiO2.  All the biosolids samples are basically formed by silica, alumina, and ferric oxide, which are the 
major oxide components, with small amounts of MgO, K2O, P2O5, and TiO2. The oxides, such as K2O, 
Na2O, Fe2O3, CaO, and MgO, promote the vitrification and may influence the densification process of 
bricks during the firing stage of the bricks (Eliche-Quesada et al., 2012, Acchar et al., 2006). 
Table 4.1 Chemical compositions of the brick soil and the biosolids samples (wt.%). 
Composition B1 B2 B3 Brick Soil 
SiO2 62.05 56.06 51.55 63.48 
Al2O3 17.00 20.80 21.90 20.00 
Fe2O3 8.92 11.02 9.12 6.72 
K2O 0.91 0.92 1.00 5.52 
MgO 0.93 1.38 1.30 1.34 
TiO2 2.34 1.97 2.02 1.19 
P2O5 3.51 3.79 4.86 1.09 
CaO 2.11 2.01 3.38 0.33 
Na2O - - 1.60 - 
The X-ray diffraction (XRD) patterns obtained on the < 75 μm fraction of the brick soil and the three 
biosolids samples were investigated. The brick soil contained Quartz (SiO2) as the leading crystalline 
phase (Fig. 4.2.a), with the presence of Muscovite (KAl2(AlSi3O10)(F,OH)2),Kaolinite (Al4(OH)8(Si4O10)), 
Clinochlore (Al2Mg5Si3O10(OH)8), Mikasaite (Fe2(SO4)3), and Albite (Na(AlSiGe2O8). All the biosolids 
samples contained Quartz as the primary crystalline phase (Fig. 4.2b, 2c, 2d). Biosolids sample 1 (B1) 
consisted of an insignificant amount of Haematite (Fe2O3), Jacobsite (MnFe2O4), and Tosudite 
((K,Ca)0.8Al6(SI, Al)8O20(OH)10.4H2O). Moreover, apart from Quartz, Biosolids sample 2 (B2) also 
contained crystalline phases such as Kaolinite (Al2Si2O5(OH)4) and Coalingite (Mg10Fe2 + 
3(CO3)(OH)20.2H2O) whereas Biosolids sample 3 (B3)  consisted of traces of Tosudite, Osbornite 
((TiN0.96)) and Kaolinite.  
Chapter 4 Possible Use of Biosolids in Fired-Clay Bricks 
Aruna Ukwatta – PhD Thesis  68 
 
 

























M K M A 
Q 
Q - Quartz 
M - Muscovite 
K - Kaolinite 
C - Clinochlore 
A - Albite 
Mi - Mikasaite 



























Q - Quartz 
H - Haematite 
J - Jacobsite 





Chapter 4 Possible Use of Biosolids in Fired-Clay Bricks 
Aruna Ukwatta – PhD Thesis  69 
 
 
Fig. 4.2. XRD patterns of (a) brick soil; (b) biosolids sample 1 (B1); (c) biosolids sample 2 (B2); (d) 
biosolids sample 3 (B3). 
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4.3.2 Physical properties of the brick soil and biosolids samples 
The brick soil and biosolids samples were tested for their geotechnical properties; the test results are 
tabulated in Table 4.2. The specific gravity of the biosolids samples and the brick soil was determined 
by using a density bottle for the fine fraction of the particles, and by weighing in water for particles 
retained on a 2.36 mm sieve, according to the Australian Standards (AS 1289.3.5.1, 2006). Kerosene 
was used as a density liquid instead of deionised or distilled water, to avoid the dissolving of the 
water-soluble salts that could be present in the biosolids. However, distilled water was used as a 
density liquid in measuring the specific gravity of the experimental soil. The specific gravity for the 
brick soil was determined to be 2.73, while the specific gravity for the B1, B2, and B3 biosolids 
samples were found to be 2.52, 2.46, and 2.43 respectively. These values are significantly higher than 
the specific gravities reported by Arulrajah et al. (2013), Disfani et al. (2013), and O'Kelly (2004) for 
the biosolids used in their studies. However, the specific gravities of ETP biosolids are lower than the 
specific gravity of 2.72 reported by Wang et al. (1992), and similar to the value of 2.6 published by 
Asakura et al. (2009).  However, the ETP biosolids samples showed a relatively lower specific gravity 
compared to brick soil, as expected, revealing that the biosolids samples contained a higher amount of 
organic matter than the brick soil (Tay et al., 2001). 
As can be observed in Table 4.2 and the plasticity chart in Fig. 4.3, the liquid limit of the biosolids 
samples ranged between 46% and 67% while the brick soil had a liquid limit of 31%. The plastic limit 
of the biosolids samples and the brick soil ranged between 21% and 41%. The plasticity index was 
found to be in the range of 10% and 33%. The liquid limit results for the ETP biosolids shown in Table 
2 are much lower than 100-550% reported in other studies (Arulrajah et al., 2013, Disfani et al., 2013, 
Disfani et al., 2009a, Suthagaran et al., 2013, Asakura et al., 2009, O'Kelly, 2006), and the liquid limit 
of B3 is in the same magnitude of 66% reported by Stone et al. (1998). 
The particle size distributions for all samples were determined according to the Australian Standards 
(AS 1289.3.6.1, 1995) and showed that the percentage of fine particles (< 75 µm) of the biosolids 
samples noticeably varied from 20.7% to 10.8%, while the brick soil had the highest percentage (29%) 
of fine particles (Table 4.2 and Fig. 4.4). Based on the particle size distribution and the Atterberg 
Limits test results, B1, B2 and brick soil can be classified as clayey sand (SC) whereas the B3 can be 
classified as poorly graded silty sand (SP-SM) according to the Australian Standards (AS 1726, 1993). 
Chapter 4 Possible Use of Biosolids in Fired-Clay Bricks 
Aruna Ukwatta – PhD Thesis  71 
 
Fig. 4.3. Plasticity chart for biosolids samples and brick soil (AS 1726, 1993). 
The initial moisture content of the biosolids samples was found to be between 29.1% and 45.5%. The 
linear shrinkage, which is an indirect method of estimating the swelling and shrinking capacity of soils; 
can be calculated as the percentage reduction in the length of the bars of the soil samples prepared at 
the liquid limit condition, after they have been air dried for 24 hours followed by oven drying until no 
further length reduction is observed. The linear shrinkage of the biosolids samples, as shown in Table 
4.2, varied from 10% to 15% whilst the brick soil had a linear shrinkage of 5%. It is important to point 
out that, as the shrinkage of the biosolids sample reduces, the shrinkage of the clay biosolids bricks is 
expected to reduce, and, therefore, bricks of higher quality can be expected. 
The organic content was determined by burning samples in a muffle furnace at 440ºC for 4 hours 
according to the British Standards (BS 1377-3, 1990). As presented in Table 4.2, B3 has a 
significantly higher organic content of 14.4% compared with 9.5% and 6.3% for B2 and B1, 
respectively. Other researchers reported organic content of biosolids in the range of 26-39% (Arulrajah 
et al., 2013, Disfani et al., 2013, Disfani et al., 2009a, Suthagaran et al., 2013). The organic content of 
ETP biosolids is much lower than the 70% reported by O'Kelly (2006) and is similar to the values of 
14.3 and 8.4 reported by Stone et al. (1998) and Asakura et al. (2009), respectively.  However, the 
brick soil has an appreciably lower organic content, which, in turn, contributes to bricks with lower 
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Fig. 4.4. Particle size distribution of the biosolids samples and brick soil. 
Table 4.2 Some properties of the biosolids samples and the brick soil used in the study. 
Test / Properties B1 B2 B3 Brick Soil 
Specific Gravity 2.52 2.46 2.43 2.73 
Liquid Limit (%) 46 58 67 31 
Plastic Limit (%) 21 25 41 21 
Plasticity Index (%) 25 33 26 10 
Gravel content (2.36 mm >) (%) - - - 2.5 
Sand content (0.075 - 2.36 mm) (%) 79.3 84.3 89.2 71.0 
Silt Content (0.002- 0.075 mm) (%) 18.7 14.7 9.8 26.0 
Clay Content (< 0.002 mm) (%) 2.0 1.0 1.0 3.0 
Coefficient of uniformity (Cu) 11.9 5.25 5.50 93.33 
Coefficient of curvature (Cc) 2.74 2.01 1.64 1.9 
Australian soil classification SC SC SP-SM SC 
Initial Moisture Content 29.1 45.5 41.9 2.7 
Linear Shrinkage (%) 10 16 15 5 
Organic Content (%) 6.3 9.5 14.4 1.4 
 
4.3.3 Properties of Bricks 
The bricks manufactured incorporating 25% by weight of B1, B2 and B3 were labelled as B1-25, B2-
25 and B3-25, respectively, while the control bricks were labelled as B-0. The properties of the bricks 
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Table 4.3 Summary of test results of control and biosolids-amended bricks. 
Property Unit 
Brick Sample Name 
B-0 B1-25 B2-25 B3-25 





2.5 3.2 2.7 5.0 
Diametric 1.7 2.2 2.4 3.3 





3.5 1.8 2.3 2.7 
Diametric 3.8 2.8 2.9 3.7 





6.0 5.0 5.0 7.7 
Diametric 5.5 5.0 5.3 7.0 
Volumetric 16.0 14.4 14.8 20.0 
Dry density  kg/m
3
 2,115 2,024 1,954 1,910 
IRA  kg/m
2
 per min 1.4 2.6 3.6 4.2 
Water Absorption % 6.9 8.7 9.8 9.7 
Weight loss on ignition % 4.7 5.5 6.5 8.1 
Thermal Conductivity  W/m per K 1.08 0.95 0.86 0.81 
 
The compressive strength is vitally important to ensure the engineering quality of the bricks because it 
measures the ability of bricks to withstand loads. The compressive strength test was carried out as per 
the Australian Standards (AS/NZS 4456, 2003). The results in Table 4.3 and Fig. 4.5 show that the B-
0 brick has the highest compressive strength of 36.1 MPa. Interestingly, however, the bricks 
incorporating biosolids show a considerable amount of compressive strength, which is much higher 
than the minimum requirement for compressive strength of 3 MPa, according to the Australian 
Standards.  
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The drop in compressive strength is mainly due to the increase in the porosity of the bricks, which is 
caused by the increase in organic content and decrease in the percentage of fine particles (<75 µm) in 
the biosolids samples (Table 4.4). This is illustrated in Fig. 4.6. 
Table 4.4 Percentage of fine particles and organic content of brick samples before firing. 
Property B-0 B1-25 B2-25 B3-25 
Fine Particles (< 75 µm) of brick samples before 
firing (%) 29.0 22.8 19.0 15.4 
Organic Content of Brick Samples before firing 
(%) 1.4 2.6 3.4 4.7 
 
Fig. 4.6. Variation in compressive strength and dry density of brick samples with organic content. 
The quality of bricks can be further evaluated by studying the shrinkage.  The stress on the clay body 
increases as the shrinkage increases, and, therefore, clay body is more susceptible to cracking 
(Demir, 2008). Therefore, higher shrinkage may induce significant cracking, which is undesirable for 
bricks. As indicated in Table 4.3 and Fig. 4.7, the B1-25, B2-25, and B3-25 bricks showed volumetric 
firing shrinkage values of 7%, 7.5%, and 8.9%, respectively, whereas the volumetric firing shrinkage of 
the control bricks was found to be the highest at 10.2%. This behaviour could be due to the expansion 
in the ceramic body of the biosolids-amended bricks as a result of the gases being released from 
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Fig. 4.7. Firing shrinkage of Brick Samples. 
The dry density of the manufactured bricks decreased from 2,115 kg/m
3
 for the control bricks to 2,024, 
1,954 and 1,910 kg/m
3
 for brick samples B1-25, B2-25 and B3-25, respectively (Table 4.3 & Fig. 4.8). 
This is mainly because of the addition of the biosolids samples, with different organic content, which 
results in fired-bricks with higher apparent porosity, and, thus, lower dry density (Fig. 4.6). However, 




Fig. 4.8. Dry density of Brick Samples. 
The Initial Rate of Absorption (IRA) refers to the amount of water absorbed in 1 min through the bed 
surface of the brick and affects the quality of the final materials and its durability significantly (Eliche-
Quesada et al., 2012). Low water infiltration into the bricks contributes to having good durability, and, 
consequently, higher resistance to the natural environment. Therefore, higher values should be 
avoided, since they can cause bricks with defects and lower durability. Hence, the IRA should be 
between 0.2 and 5 kg/m
2
 per min (Kayali, 2005, Kadir and Mohajerani, 2011b). As detailed in Table 
4.3, the addition of biosolids produced a significant increase in IRA, for instance, the B-0 bricks show 
the minimum IRA of 1.4 kg/m
2
 per min, while B1-25 has an IRA of 2.6 kg/m
2
 per min, which is the 
lowest compared with the other biosolids-amended bricks. This is because the growth of pores in both 
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Water absorption is of paramount importance in assessing the durability and thus measuring the 
quality of manufactured bricks. The test results of the water absorption for the brick samples (Table 
4.3 and Fig. 4.9) indicate that the water absorption increased with biosolids incorporated in the bricks. 
It is apparent that the B-0 bricks showed the minimum water absorption of 6.9% since they had the 
highest dry density and the lowest porosity. It is noteworthy that B1-25 again showed the minimum 
water absorption value (8.7%) among the other clay-biosolids bricks. However, this is about 26% 
higher compared to the B-0 bricks. Nevertheless, all the water absorption results comply with the 
typical requirement of water absorption, which ranges between 5% and 20% (Kayali, 2005).  It is 
known from the literature that higher values of water absorption and IRA can give rise to several kinds 
of damage, such as frost damage, inadequate bond strength between brick units, salt crystallisation, 
and changes in volume of bricks, that subsequently cause the appearance of cracks, which, 
eventually, could result in structural damage to the buildings (Kadir and Mohajerani, 2011b, Pel et al., 
1995, Marotta, 2005). This will be further investigated for the bricks incorporating biosolids. 
 
Fig. 4.9. Water Absorption of Brick Samples. 
Fig. 4.10 and Table 4.3 show the weight loss on ignition of the manufactured bricks after the firing 
process. The control brick samples show the lowest loss on ignition (4.7%), but B3-25 bricks had the 
highest weight loss on Ignition (8.1%). As shown in Fig. 4.10, upon the addition of biosolids in the 
mixture, the weight loss on ignition during the firing gradually increased, which may be due to the 
contribution of organic matter in the biosolids as well as inorganic matter in both the brick soil and the 
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Fig. 4.10. Weight Loss on Ignition of Brick Samples. 
The porosity and textural evolution of the manufactured bricks with the three biosolids samples used in 
this study were analysed using SEM. Fig. 4.11 shows the SEM micrographs for the control bricks and 
biosolids-amended bricks. As shown in Fig. 4.11, the number of pores increased as the biosolids were 
added to the bricks (Fig. 4.11b, 11c, 11d). This increment of pores is due to the organic content of the 
mixture being burnt during the firing stage of the bricks. In addition, the higher organic contents of the 
mixtures resulted in a brick microstructure with less homogeneity.  Moreover, the texture of the bricks 
was subjected to change, depending on the raw materials used in the manufacture of the bricks (Fig. 
4.12). The interconnectivity between particles and the smoothness of the surface of B0 bricks is better 
than that of all biosolids-amended bricks (Fig. 4.11 & Fig. 4.12). This is due to the change in the brick 
soil composition and mineralogical composition of the raw materials used in producing bricks (Cultrone 
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Fig. 4.11. SEM micrographs of (a) B0 brick; (b) B1-25 brick; (c) B2-25 brick; (d) B3-25 brick. 
    
B0 B1-25 B2-25 B3-25 
Fig. 4.12. Samples of manufactured bricks. 
The thermal insulating properties of fired-clay bricks are indeed very important in respect of energy 
savings, and, also, some engineering applications greatly depend on the thermal insulation 
performance. Previous studies have pointed out that the thermal conductivity of bricks is mainly 
related to their dry density (Jungk et al., 1996, Schmidt-Reinholtz, 1990, Sutcu and Akkurt, 2009). In 
this stage of the study, the equation shown below, which was developed in a previous study, has been 
used to evaluate the thermal conductivity of the manufactured brick samples (Kadir and Mohajerani, 
2011b).  
 T   . 559 exp ( .  1    )   (1) 
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Fig. 4.13 and Table 4.3 illustrate the calculated results of the thermal conductivity of the brick samples. 
It can be observed that as the dry density of the brick samples changes, the thermal conductivity of 
the bricks varies accordingly. The thermal conductivity values decreased from 1.08 to 0.81 W/m per K, 
which corresponds to a decrease of 25% compared to the thermal conductivity of the brick without 
biosolids, which is a significant amount in terms of energy savings.  
 
Fig. 4.13. Thermal Conductivity of Brick Samples. 
It is important to underline that the organic nature of the raw material requires an energy input to 
release its calorific power during combustion in the firing process of bricks, which enables both a 
saving of energy in manufacturing and a simultaneous reduction in fuel use (Domone and Illston, 
2010, Kadir and Mohajerani, 2011b, Demir et al., 2005). It has been found that 5% - 6% by weight of 
dispersed organic matter in Lower Oxford Clay provides about two-thirds of the energy required during 
the firing (Jackson and Dhir, 1996). Furthermore, several studies have investigated the environmental 
effects of using biosolids/sludge in clay bricks. Cusidó and Cremades (2012) conducted 
comprehensive leachability and toxicity studies, and concluded that “if the industrial production of clay 
bricks that include sewage sludge becomes a reality, the end user should know that there is no 
environmental restriction or any health risk in their use”.  In the current research, a thorough leachate 
study is planned for bricks incorporating different percentages of biosolids samples from different 
treatment plants. The production of energy during the firing of bricks will also be measured; these 
results will be published in a future paper. 
4.4 CONCLUSION 
This study investigated the possible incorporation of biosolids in fired-clay bricks. Three biosolids 
samples (B1, B2 and B3) from the stockpiles of the ETP in Melbourne underwent a series of 
laboratory tests to address their geotechnical properties. According to the test results, it was found 
that: 
 Biosolids samples can be classified as clayey sand and poorly graded silty sand whereas 
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 The specific gravity, linear shrinkage, and organic content of the biosolids samples varied from 
2.43-2.52, 10%-15% and 6.3%-14.4%, respectively. 
Bricks (B1-25, B2-25, and B3-25) were then made incorporating 25% of biosolids by weight, while the 
control bricks had 0% biosolids (B-0) and investigated their physical and mechanical properties. The 
following results have been found from the investigation. 
 The compressive strength test results indicated that strength of the brick samples decreased 
from 36.1 MPa (B-0) to 25.9, 17.4, and 16.2 MPa for B1-25, B2-25, and B3-25, 
correspondingly. 
 The dry density of the brick samples was reduced by 4.3% to 9.7% after modifying bricks with 
three different biosolids and the estimated thermal conductivity of B-0, B1-25, B2-25 and B3-




, respectively.  
 The burning off of organic matters present in the biosolids during the firing process could lead 
to having biosolids-amended bricks with lower dry density and thus lower thermal conductivity 
compared to the control bricks (B-0). The reduction in the thermal conductivity of the biosolids-
amended bricks is significant in terms of energy savings. 
 The IRA, water absorption, and weight loss on ignition were found to be lowest in the B1-25 
bricks, as a result of having the lowest organic content compared to other biosolids-amended 
bricks.  
 The SEM results support the potential for an increase in the pores in the manufactured bricks, 
which is associated with the amount of organic content in the raw materials in the 
manufactured bricks resulting in lower density bricks. 
The promising results obtained in this study indicate that biosolids can be regarded as a possible 
beneficial addition to the raw materials used in the manufacture of fired-clay bricks. In the next stage 
of this research, a comprehensive study will be carried out to determine the effects of incorporating 
different percentages of biosolids on the physical and mechanical properties of fired-clay bricks. 
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4.7 SUPPLEMENTARY INFORMATION 
The physical and mechanical properties of bricks incorporating 25% of WTP biosolids (stockpile 
number 10) are tabulated in Table 4.5. 
Table 4.5 Properties of bricks incorporating 25% of WTP (stockpile number 10) biosolids 
Property Unit 
WTP Biosolids Brick 
(WTP-25) 







Water Absorption  % 9.44 
Weight loss on ignition % 11.45 
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 CHAPTER 5
Chapter 5 VARIATION IN PHYSICAL AND MECHANICAL 
PROPERTIES OF FIRED-CLAY BRICKS INCORPORATING ETP 
BIOSOLIDS 
INTRODUCTION 
Among the three ETP biosolids used in the preliminary stage of this study, bricks incorporating ETP1 
biosolids produced quality bricks according to the results presented in Chapter 4.  This chapter 
presented the detailed investigation on incorporating selected biosolids sample (ETP1) in fired-clay 
bricks. Five different sets of bricks were manufactured incorporating selected ETP1 biosolids, which 
included 5, 15, 25, 35, and 50%. The physical and mechanical properties, such as compressive 
strength, water absorption, density, weight loss on ignition, the initial rate of absorption, efflorescence, 
and shrinkage, were measured for the biosolids-amended bricks and the test results were compared 
with the control bricks with no additives. A novel method was used to evaluate the energy 
consumption of the bricks during the firing process. In addition, the microstructure of the biosolids-
amended bricks was examined by means of scanning electron microscope. Furthermore, this chapter 
discussed the results related to the leaching of heavy metals from biosolids-amended bricks, which 
were measured according to the Australian Bottle Leaching Procedure (ABLP). The testing methods 
and results of this detailed investigation present in this chapter were published in the Journal of 
Cleaner Production. The DOI of the published paper is http://dx.doi.org/10.1016/j.jclepro.2016.01.094  
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VARIATION IN PHYSICAL AND MECHANICAL PROPERTIES OF FIRED-CLAY BRICKS 
INCORPORATING ETP BIOSOLIDS 
Aruna Ukwatta, Abbas Mohajerani, Nicky Eshtiaghi, Sujeeva Setunge
 
School of Civil, Environmental and Chemical Engineering, RMIT University, Melbourne, Australia 
ABSTRACT 
This study was directed towards investigating the possibility of incorporating biosolids from 
Melbourne's Eastern Treatment Plant (ETP) in fired-clay bricks. First, the mineralogical and chemical 
compositions as well as geotechnical characteristics of the ETP biosolids and brick soil were 
determined. Then, bricks were fabricated with five different percentages of ETP biosolids (5%, 15%, 
25%, 35%, and 50%) by firing them at a temperature 1020°C for 3 hours. The effect of incorporating 
ETP biosolids in a ceramic body on the physical and mechanical properties of fired-bricks was 
assessed by shrinkage, weight loss on ignition (LOI), water absorption, density, initial rate of 
absorption (IRA), compressive strength, efflorescence, scanning electron microscopy (SEM), and 
leachate analysis. The compressive strength of biosolids-amended bricks ranged from 24.9 to 37.0 
MPa, which met the requirements of the Australian Standards.  Moreover, bricks with ETP biosolids 
can save up to 25% of energy during the firing in an electric furnace, which is very important in terms 
of sustainable development. The leachate analysis results showed that the concentration of heavy 
metals leached is insignificant and much lower than the regulatory limits. 
Key words: Cleaner construction materials, Biosolids, Bricks, Recycling  
5.1  INTRODUCTION 
The extensive amount of unwanted materials generated throughout the world, which has already 
caused various social and economic issues, such as a demand on landfill spaces, increasing 
environmental pollution, and raising the waste management cost, have forced leftover materials to be 
reutilised in various innovative ways (Arulrajah et al., 2014a, Disfani et al., 2011, Demir, 2008). In 
recent years, increased attention has been given to implementing waste to resource strategies. 
Investigations have been implemented to achieve this goal by reducing waste generation, by 
increasing the reuse of waste in beneficial products, and by reducing the cost incurred by waste 
management. Therefore, the use of waste materials in beneficial products is not only an important 
concept in sustainable development but also a viable solution to the scarcity of virgin resources.  
Biosolids are a nutrient-rich material and a major by-product of the wastewater treatment process. The 
State of Victoria, Australia, alone produces 95,638 dry tonnes of biosolids annually (ANZBP, 2015b); 
this is on top of an approximated 3 million dry tonnes of existing biosolids (Melbourne Water, 2010). Of 
this annual production, 62,051 dry tonnes are left in stockpiles. This indicates that 65% of the biosolids 
that are produced in Victoria are simply left in stockpiles. The State of Victoria is producing biosolids 
far more rapidly than they are being utilised, therefore requiring additional space for stockpiling. The 
facts and evidence demonstrate the “growing need to manage the biosolids produced by municipal 
sewage treatment plants, whilst protecting public health and the environment” (Golder Associates, 
2008). 
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In last few decades, different by-product materials have been incorporated in civil engineering 
applications, such as construction materials, pavement materials, concrete applications etc. (Somna et 
al., 2012, Kampala et al., 2013, Arulrajah et al., 2014a, Arulrajah et al., 2014b, Arulrajah et al., 2014c, 
Disfani et al., 2014a, Horpibulsuk et al., 2014). Moreover, innovative approaches to biosolids 
management have become increasingly important because land application of biosolids may not be a 
viable option due to a lack of land availability in many parts of the world.  Therefore, use of biosolids in 
civil engineering applications is a promising alternative approach to the beneficial use of biosolids 
(Disfani et al., 2009b, Rulkens, 2007, Arulrajah et al., 2011). 
Arulrajah et al. (2013) evaluated the geotechnical characteristics of biosolids to assess their suitability 
for use as a road embankment fill material. Disfani et al. (2013) investigated the long-term settlement 
characteristics of aged wastewater biosolids, to determine  their usefulness as a fill material in road 
embankments. Recently Ukwatta et al. (2015) conducted a preliminary investigation by incorporating 
25% of three different ETP biosolids by weight as a replacement material in manufacturing fired-clay 
bricks. The experimental results showed that the biosolids could be regarded as a potential alternative 
raw material to brick soil in manufacturing fired-clay bricks. 
Brick, one of the most durable building materials, has been used in construction throughout history. 
Dried-clay bricks were used for the first time as early as 8000BC, and fired-clay bricks were produced 
as early as 4500BC (Zhang, 2013). Brick has been used extensively as a major construction material 
due to its weather resistance, reliability, flexible properties, and strength. (Beall, 2004). Approximately 
87% of the 1500 billion clay bricks produced annually are made in Asia, and China alone accounts for 
two-thirds of global brick production (Weyant et al., 2014). In Australia, clay brick production reached 
1.38 billion units in 2013, an increase of 7.8% from 1.28 billion units in 2012. In the first quarter of 
2014, clay brick production was 315,810,000 units (Australian Bureau of Statistics, 2014).  
Over the last two decades, incorporating various leftover materials in fired-clay bricks has offered a 
promising and feasible alternative approach for the comprehensive utilisation of waste materials. 
Common waste materials that have been incorporated into bricks include cigarette butts (Kadir and 
Mohajerani, 2011b, Kadir and Mohajerani, 2015), paper-processing residue (Sutcu and Akkurt, 2009), 
sludge (Tay (1985), Tay (1987), Wiebusch and Seyfried (1997), Okuno and Takahashi (1997), Liew et 
al. (2004a), Liew et al. (2004b), and Wolff et al. (2015)), fly ash (Kayali, 2005), rice husk ash (Rahman, 
1987), bio-briquette ash (Sakhare and Ralegaonkar, 2016), palm oil fuel ash (Rahman et al., 2014), 
granulated blast furnace slag (Malhotra and Tehri, 1996), Ferrochromium slag (Gencel et al., 2013), 
polystyrene (Veiseh and Yousefi, 2003), electrolytic manganese residue (Zhou et al., 2014) etc.. 
Kadir and Mohajerani (2011b) investigated the possibility of incorporating cigarette butts in fired-clay 
bricks with promising results. Bricks were made using different percentages of cigarette butts (2.5%, 
5%, and 10%) by weight and found that the density of manufactured bricks was reduced by up to 30% 
due to the addition of cigarette butts. Moreover, trace amounts of heavy metals were revealed to be 
leached after the leachate analysis on cigarette butt amended bricks.  
Sutcu and Akkurt (2009) used paper-processing residue as an additive to produce bricks. Brick raw 
materials and paper residue were mixed together with different proportions (0%, 10%, 20%, and 30%). 
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Manufactured bricks showed a significant reduction in thermal conductivity compared to bricks without 
paper residue while maintaining adequate mechanical strength. 
Tay (1985) and Tay (1987) investigated the potential use of sludge ash in construction materials, 
where he later discovered that bricks might be manufactured from sludge, later noting that 40 wt. % of 
dry sludge ash in clay is the optimum percentage in manufacturing fired-clay bricks with acceptable 
properties. Further research from Wiebusch and Seyfried (1997) gave insight into the different effects 
on tiles and bricks, once a portion of clay has been replaced by incinerated sewage sludge. Moreover, 
Okuno and Takahashi (1997) manufactured bricks containing 100% incinerated sewage sludge ash. In 
addition, Wolff et al. (2015) studied the use of water treatment plant sludge at a pulp mill in structural 
bricks and found that the sludge can be used as a substitute for clay in the formulation of structural 
bricks.  
Kayali (2005) studied the production of bricks from fly ash and found that the bricks produced were 
28% lighter and 24% stronger than normal clay bricks.  Demir (2008) investigated the effect of 
sawdust, tobacco, and grass on the properties of fired and unfired building bricks and concluded that 
these organic residues were found to be effective for pore-forming in the ceramic body with clay while 
maintaining the acceptable mechanical properties according to the Turkish standards. 
Sakhare and Ralegaonkar (2015) investigated the use of bio-briquette ash as a partial substitution raw 
material of sand in manufacturing bricks. Bricks were manufactured incorporating different 
percentages of bio-briquette ash (5-55%) while keeping the cement percentage constant. The results 
showed that 10wt% cement, 35wt%  bio-briquette, and 55wt% sand were found to be the optimal mix 
composition for the developed bricks that fulfilled the desired requirements of Indian Standards. 
The present study investigates the feasibility of adding different percentages of ETP biosolids in 
manufacturing fired-clay bricks and the effects on the physical and mechanical properties of bricks. In 
addition, this paper discusses the possible environmental impacts including the leaching of heavy 
metals from the ceramic body and the effect of incorporating ETP biosolids on the texture and 
development of pores of the ceramic body. Moreover, the percentage of energy that can be saved 
during the firing process of the bricks is also determined. 
5.2 MATERIALS AND METHODS 
5.2.1 Properties of raw materials  
The brick soil was taken from Boral Bricks Pty Ltd in Australia. The biosolids sample was collected 
from the biosolids stockpiles in the ETP in Melbourne (Fig. 5.1). The collected samples were oven 
dried at 105°C for 24 hours before being mixed with brick soil or conducting any other tests. The 
chemical composition of the raw materials was determined using the X-ray fluorescence (XRF) 
method, which was performed using a Bruker AXS S4 Pioneer spectrometer. The qualitative 
determination of major crystalline phases in biosolids and bricks soil was achieved by means of the 
Bruker X-ray Diffractometer with Nickel filtered CuKα radiation and 2θ scanning at 5-70°. 
The geotechnical properties of the raw materials including the Atterberg limits, specific gravity, linear 
shrinkage, and particle size distribution were determined according to the Australian Standards (AS 
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1289.1.1, 2001) and the organic content was determined according to the British Standards (BS 1377-
3, 1990); the results are reported as an average of three replicate tests.  
  
ETP Biosolids Brick Soil 
Fig. 5.1. ETP Biosolids and brick soil used in the study. 
5.2.2 Sample Preparation 
The bricks were manufactured incorporating different percentages of biosolids including 5%, 15%, 
25%, 35%, and 50%, which were labelled as B1-5, B1-15, B1-25, B1-35, and B1-50, respectively. In 
addition, control bricks with 0% of biosolids (B-0) were made as a reference to analyse the physical 
and mechanical properties of bricks. The mixtures with brick soil and different proportions of ETP 
biosolids were manually mixed by adding the desired amount of water, which was equal to the 
optimum moisture content (OMC) that was determined from  a series of standard Proctor compaction 
tests (AS 1289.5.1.1, 2003). The manually mixed samples were stored in airtight plastic bags for 24 
hours in order to have even moisture distribution throughout the sample. Then the sample was mixed 
by means of a 15 litre Hobart mechanical mixer for 20 minutes before being kept in air-tight sealed 
bags for another 24 hours for curing.  
The bricks were then pressed into a cylinder 100mm in diameter and 50mm in height by applying a 
pressure of 240kPa. The green bricks were air-dried for 48 hours and then oven dried at 105°C for 24 
hours before being fired in an electric furnace. The temperature of the furnace was gradually 
increased at a ramp rate of 0.7°C per minute from the ambient temperature to the desired maximum 
temperature of 1020°C where the bricks remained for 3 hours. The fired bricks were then cooled in the 
furnace itself. Subsequently, the physical properties of the manufactured bricks were determined. The 
test results of all the properties were reported as an average of three replicate tests. 
5.2.3 Properties of bricks 
Density, compressive strength, IRA, weight loss on ignition, efflorescence, and shrinkage of the 
manufactured bricks were determined according to the Australian Standards (AS/NZS 4456, 2003). 
Water absorption involved drying the brick samples to a constant mass at 105°C, soaking them in 
distilled water for 24 hours followed by boiling for 5 hours. The IRA included measuring the mass of 
the oven-dried specimen and mass of the specimen after 60 seconds absorption in such a way that 
the bed surface of the oven-dried sample was placed in water for a period of 1 minute while 
maintaining the water level from the bed surface of the brick at 3±1 mm level.  
Leachates from the manufactured bricks were performed according to the Australian Bottle Leaching 
Procedure (ABLP) (AS 4439.3, 1997). Initially, the brick samples were crushed, and particle sizes less 
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than 2.4mm were used for testing. Then, an appropriate extraction fluid was determined by measuring 
the pH of the test sample, as described in the test method. The test samples were then extracted by 
means of selected the ABLP extraction fluid equal to 20 times the weight of the crushed brick particles 
used in the test. The samples were then securely positioned in the agitation device, and, samples 
were rotated at 30rpm for 18 hours while maintaining the ambient temperature between 23±2°C during 
the extraction period. The ABLP extract was separated from the solid phase by filtering through a 0.45 
micron filter. The extract samples were analysed for heavy metals by using Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS), which has been used by many researchers for trace metal 
analysis (Dutré and Vandecasteele, 1995, Domínguez and Ullman, 1996, Kadir and Mohajerani, 
2011b, Quijorna et al., 2012, Zhou et al., 2013). 
Incorporating biosolids in fired-clay bricks in relation to energy usage during the firing process was 
evaluated by means of the Watts Clever EW4008 Wireless Energy Monitor, which contains an energy 
monitor and power transmitter with a magnetic sensor clamp. The sensor clamp was fixed around the 
live cable of the electric furnace to measure the current. The current was transmitted to the receiver 
display unit, which multiplies it by a pre-defined voltage to deliver a power reading in terms of Watts 
over 10-second intervals. Based on the power consumption data obtained throughout the firing 
process, the total energy was calculated and given as energy consumption per unit weight (specific 
energy) of the fired brick sample.     
The microstructure of the fired brick was examined using the Philips XL30 scanning electron 
microscope. The Brick sample was attached to a pin stub in 25mm diameter using carbon tape.  SPI 
sputter was used for the coating of 20nm gold on the brick samples. 
5.3 RESULTS AND DISCUSSION 
5.3.1 Analysis of raw materials 
The XRF results are shown in Table 5.1 in oxide form. The brick soil presented large fractions of Silica 
(SiO2), Alumina (Al2O3), and Ferric Oxide (Fe2O3), with minor amounts of MgO, K2O P2O5, and TiO2.  
Similarly, the ETP biosolids sample included oxides of silicon, aluminium, iron, and minor amounts of 
MgO, K2O, P2O5, and TiO2. Moreover, the ETP biosolids had a significant content of CaO compared to 
brick soil, which was related to the abundance of carbonates.  
Table 5.1 Chemical composition of the ETP biosolids and brick soil (wt.%). 
Oxide Content Brick Soil Biosolids sample 
SiO2 64.75 59.43 
Al2O3 19.20 17.60 
Fe2O3 6.60 9.58 
K2O 4.96 0.91 
MgO 1.73 1.59 
TiO2 1.14 2.18 
P2O5 1.04 3.66 
CaO 0.25 2.45 
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The X-ray Diffraction (XRD) pattern showed (Fig. 5.2a) that the brick soil contained quartz (SiO2) with 
the presence of Muscovite (KAl2(AlSi3O10)(F.OH)2), and Kaolinite (Al4(OH)8(Si4O10)). The XRD pattern 
of the ETP biosolids is shown in Fig. 5.2b. It can be seen that the ETP biosolids contained Quartz, 
Haematite (Fe2O3), Jacobsite (MnFe2O4), and Tosudite (Na0.5(Al,Mg)6(Si,Al)8O18(OH)12.5(H2O)). 
 
 
Fig. 5.2. XRD patterns of (a) Brick soil; (b) ETP biosolids. 
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The geotechnical characteristics of the raw materials were tested; the results are shown in Table 5.2. 
The specific gravity of the particles finer than 2.36mm was determined by using density bottle and 
particles coarser than 2.36mm was determined by weighing in water, according to the Australian 
Standards (AS 1289.3.5.1, 2006). The specific gravity of brick soil and ETP biosolids was found to be 
2.69 and 2.51, respectively. The specific gravity of the ETP biosolids is slightly higher (2.6) than that 
published by Asakura et al. (2009), significantly greater than the values reported by O'Kelly (2004), 
Disfani et al. (2013), and Arulrajah et al. (2013), and similar (2.72) to that reported by Wang et al. 
(1992). Bricks with lower density would be expected as the specific gravity of biosolids-soil mixture 
decreases. 
The ETP biosolids and brick soil had a liquid limit of 53% and 32%, respectively, whereas the plastic 
limit was found to be 27% and 19%, respectively. The ETP biosolids had a much lower liquid limit than 
that reported in previous studies, in which the liquid limit varied between 80% and 550% (Arulrajah et 
al., 2013, Disfani et al., 2013, Disfani et al., 2009a, Suthagaran et al., 2013, Asakura et al., 2009, 
O'Kelly, 2006). 
Table 5.2 Geotechnical properties of ETP biosolids and brick soil. 
Test / Properties Standard ETP Biosolids Brick Soil 
Specific Gravity  AS 1289.3.5.1 2.51 2.69 
Liquid Limit (%) AS 1289.3.1.1 53 32 
Plastic Limit (%) AS 1289.3.2.1 27 19 
Plasticity Index (%) AS 1289.3.1.1 26 13 
Gravel content (2.36 mm >) (%) AS 1726-1993 0.35 1.2 
Sand content (0.075 - 2.36 mm) (%) AS 1726-1993 87.55 74.6 
Silt content (0.002- 0.075 mm) (%) AS 1726-1993 11.64 22.32 
Clay content (< 0.002 mm) (%) AS 1726-1993 0.46 1.88 
Coefficient of uniformity (Cu) AS 1726-1993 8.00 50.00 
Coefficient of curvature (Cc) AS 1726-1993 2.00 4.17 
Australian soil classification AS 1726-1993 SM SM 
Optimum Moisture content (%) AS 1289.5.1.1 23 16 
Maximum dry density (Mg/m
3
) AS 1289.5.1.1 1.53 1.78 
Linear Shrinkage (%) AS 1289.3.4.1 14.20 6.6 
Organic Content (%) BS 1377-3 7.10 1.23 
The particle size distributions of the raw materials determined from the sieve analysis along with the 
coefficient of uniformity and curvature are shown in Table 5.2 and Fig. 5.3. The sand content of ETP 
biosolids was slightly higher than that of brick soil whereas brick soil had much higher clayey and silty 
material compared to the ETP biosolids. Based on the Atterberg limits and particle size distribution 
test results, both the ETP biosolids and brick soil was classified as silty sand (SM) according to the 
Australian Standards (AS 1726, 1993). 
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Fig. 5.3. Particle size distribution curves of ETP biosolids and brick soil. 
Fig. 5.4 presents the compaction curve of the ETP biosolids showing the maximum dry density (MDD) 
and OMC with zero-air void (ZAV) curve. The OMC and MDD of the ETP biosolids were found to be 
23% and 1.53 Mg/m
3
, respectively, whereas corresponding values of brick soil were found to be 16% 
and 1.78 Mg/m
3 
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Fig. 5.4. Compaction curve of ETP biosolids. 
Linear shrinkage is the decrease in length of soil sample after being oven-dried, starting with a 
moisture content of the sample at the liquid limit. As shown in Table 5.2, the linear shrinkage of ETP 
biosolids (14.2%) was higher than that of brick soil (6.6%). Therefore, initial shrinkage of the biosolids-
amended bricks is expected to be higher than that of control bricks.  
The organic content of the biosolids and brick soil was measured by igniting a dried sample in a muffle 
furnace at a temperature of 440°C for 4 hours, as described in the British Standards (BS 1377-3, 
1990). As reported in Table 5.2, the organic content of the ETP biosolids was 5.8 times higher than 
that of brick soil. Previous studies reported that the organic content present in the biosolids ranged 
between 26-39% (Arulrajah et al., 2013, Disfani et al., 2013, Disfani et al., 2009a, Suthagaran et al., 
2013). The organic content of ETP biosolids was approximately one-tenth that published by O'Kelly 
(2006) and was approximately similar to the figure of 8.4 reported by Asakura et al. (2009). The weight 
loss on ignition and porosity of the bricks increases as the organic content of biosolids-soil mixture 
increases. As a result, biosolids-amended bricks could have higher IRA and water absorption values 
as well as lower compressive strength and density values than those of control bricks. 
5.3.2 Physical properties of bricks 
Bricks without ETP biosolids (B0) and bricks with different percentages of ETP biosolids (B1-5, B1-15, 
B1-25, B1-35, and B1-50) were produced. Biosolids samples were kept in an oven at a temperature of 
105°C for 24 hours before being mixed with brick soil. The amounts of water added to the brick soil 
and biosolids-soil mixtures were obtained from the standard Proctor compaction test. The compaction 
curves representing the OMC and MDD for different percentages of ETP biosolids are reported in Fig. 
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Fig. 5.5. Compaction curves of different percentages of ETP biosolids and brick soil. 
Table 5.3 Compaction test results for the different percentages of ETP biosolids. 
Percentage of ETP 
biosolids (%) 
MDD (Mg/m3) OMC (%) 
5 1.775 16.2 
15 1.765 16.5 
25 1.760 16.7 
35 1.700 17.5 
50 1.630 19.5 
The presence of organic content in the biosolids can cause a defect known as black core if the organic 
matter is not completely burnt off during the firing process of the bricks. No black core was observed 
on the biosolids-amended bricks after firing. However, the colour of the fired-brick samples was 
reddish, but became somewhat darker as the percentage of biosolids increased as shown in Fig. 5.6.  
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Shrinkage is of the utmost importance in measuring the quality of the fired-bricks.  The bricks are more 
susceptible to crack as the stress on the ceramic body increases due to increase in the shrinkage 
(Demir, 2008). The initial shrinkage is the ratio of the dimension change between the green and the 
oven-dried samples to the dimension of the green sample, expressed as a percentage. The initial 
height and diametric shrinkage of the manufactured bricks changed linearly with the addition of 
biosolids (Fig. 5.7). This is due to increase in the initial moisture content present in the biosolids-clay 
mixture with the addition of biosolids. The evolution of initial volumetric shrinkage of the bricks with 
moisture content showed a linear relationship as presented in Fig. 5.8.  
 
Fig. 5.7. Initial shrinkage of bricks as a function of ETP biosolids content. 
 
Fig. 5.8. Variation of initial volumetric shrinkage as a function of the initial moisture content in the 
mixture. 
The firing shrinkage is the ratio of the dimension difference between the oven-dried and the fired 
samples to the dimension of the green sample, expressed as a percentage. The addition of ETP 
y = 0.05x + 1.27 
R² = 0.96 
y = 0.06x + 0.92 
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biosolids gradually decreased the firing shrinkage of the bricks, for instance, the volumetric firing 
shrinkage of bricks showed polynomial variation as ETP biosolids were incorporated in bricks (Fig. 
5.9). For B1-50 bricks, the firing height, diametric, and volumetric shrinkages reduced by up to 66%, 
50%, and 57%, respectively, compared to the control bricks. Biosolids-amended bricks showed lower 
shrinkage values, which could be due to expansion in the ceramic body during the firing stage. Bricks 
incorporating biosolids could release more gases compared with control bricks due to burning of 
contained organic matter, which eventually causes the expansion. Therefore, the higher the organic 
content in the bricks, the higher the expansion in the ceramic body, which, in turn, caused the lower 
shrinkage. 
 
Fig. 5.9. Firing shrinkage of bricks as a function of ETP biosolids content. 
The variation of LOI during the firing stage of bricks with the biosolids content is shown in Fig. 5.10. 
The control bricks showed the lowest LOI of 4.65%, while the B1-50 bricks showed the highest LOI of 
7.75%. This weight loss could be due to the elimination of the organic matter present in both the 
biosolids and clay by means of combustion and decomposition of existing inorganic compounds in the 
ceramic body during the firing process (Lin and Weng, 2001, Weng et al., 2003, Liew et al., 2004a, de 
la Casa et al., 2009, Eliche-Quesada et al., 2012). 
y = -7×10-5 x3 + 0.0086x2 - 0.369x + 9.6465 
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Fig. 5.10. Effect of ETP biosolids content on LOI of fired-bricks. 
The IRA significantly affects the quality and durability of the bricks. Lower IRA values lead to durable 
bricks with higher resistance to the environment. Higher IRA values cause defects in the ceramic 
body, which in turn lower the durability. Hence, the typical values of IRA range between 0.2 and 5 
kg/m
2
 per min (Kayali, 2005, Kadir and Mohajerani, 2011b).  IRA increased from 1.83 to 3.60 kgm
-2
 
per min as ETP biosolids content increased from 0 to 50% as shown in Fig. 5.11, which revealed that 
there was a significant increase in IRA with the addition of biosolids. This was due to the addition of 
ETP biosolids, which increased the porosity of the ceramic body as a result of organic matter being 
eliminated during the firing stage of the bricks. 
 
Fig. 5.11. IRA of the bricks as a function of ETP biosolids content. 
Water absorption is an important property in evaluating the quality and durability of the bricks. Higher 
water absorption values are not desirable, as it would cause cracks in the ceramic body, and, hence, 
lower durability. Moreover, a low value should also be avoided, since rainwater would tend to run off 
quickly towards the mortar joints and would find its way into the building rather than be partially 
absorbed by the brick, and, eventually, reduce the durability of the mortar joints. (Kayali, 2005, Eliche-
y = 0.06x + 4.63 
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Quesada et al., 2012). Therefore, the water absorption of bricks should be kept between 5% and 20%. 
The addition of ETP biosolids increased the water absorption; however, the water absorption of the 
control and biosolids-amended bricks was found to range between 5 and 11% (Fig. 5.12), and, 
therefore, all the brick samples fulfilled the typical requirement.  
 
Fig. 5.12. Water absorption of the bricks as a function of ETP biosolids content. 
The compressive strength is the most important property of the bricks as it is a measure of the bricks’ 
capability to withstand loads. The compressive strength of the fired bricks as a function of ETP 
biosolids content is presented in Fig. 5.13. The figure shows that the compressive strength of the 
control brick was found to be approximately 42 MPa while B1-5, B1-15, B1-25, B1-35, and B1-50 
showed a compressive strength of approximately 37, 34, 28, 27, and 25 MPa, respectively. Thus, the 
addition of biosolids reduced the strength of B1-50 bricks by approximately 40% compared with the 
control bricks, as incorporating biosolids results in an apparent increase in the porosity in the ceramic 
body. However, all the brick samples met the Australian Standards, which stipulates that the value of 
compressive strength should be greater than 3 MPa. 
 
Fig. 5.13. Compressive strength of the bricks as a function of ETP biosolids content. 
Incorporating biosolids in bricks decreases the density of the final product. The density of the B1-50 
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density bricks have advantages in construction including, for example, good thermal insulation, 
reduction of dead load, savings of cost and energy in transportation, easier handling and storing, and 
a higher number of bricks produced per tonne of raw materials. Nonetheless, all the biosolids-
amended bricks showed a density of almost greater than 2000 kgm
-3
, which satisfied the typical 




Fig. 5.14. Density of the bricks as a function of ETP biosolids content. 
Efflorescence is the crystallisation of soluble salts that exude from the interior of the brick, on the 
surface of the brick or slightly beneath the surface of the brick (Ortelli and Vincenzini, 1984). This 
phenomenon is an aesthetic problem and appears as a mostly white and thin foggy salt deposit on the 
surface of the porous building materials, such as bricks (Brocken and Nijland, 2004, Baspinar et al., 
2010, Andrés et al., 2009). Brick samples were placed in distilled water, and the water was allowed to 
soak up through the brick for 7 days by replenishing as necessary to maintain the water level. The 
water level was maintained at 25±5 mm. Then, the samples were air dried for 2 days and compared 
and assessed with respect to the matching specimen, which was not subjected to soaking. The results 
of the potential for efflorescence of the manufactured bricks showed that none of the bricks showed 
any observable efflorescence (“Nil”) except B1-25 bricks, which showed “Slight efflorescence” 
according to the Australian standards (AS/NZS 4456.6, 2003). The tendency for efflorescence of the 
control and biosolids-amended bricks are shown in Fig. 5.15. 
 
B0 B1-5 B1-15 B1-25 B1-35 B1-50 
Fig. 5.15. Variation in the efflorescence tendency on bricks with addition of ETP biosolids. 
The energy consumption during the firing of the manufactured bricks in an electric furnace was 
measured and is presented in Fig. 5.16. According to Whittemore (2009), the specific firing energy of 
bricks ranges between 2 and 10 MJ/kg, and is highly dependent on the type of kiln and type of raw 
materials used in the manufacturing of the bricks. The specific energy of the B0 and B1-50 was 34.8 
MJ/kg and 26.1 MJ/kg, respectively, which was much higher than that found in previous studies 
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(Prasertsan, 1995, Zhang, 1997, Whittemore, 2009). A smaller quantity of bricks fired at a time and 
the heat loss from the electric furnace would result in higher specific energy values of the 
manufactured bricks. Nevertheless, the specific energy of bricks was greatly dependent on the 
percentage of biosolids incorporated in the bricks. The experimental results showed that the B1-50 
bricks saved approximately 25% energy during the firing process compared to the control bricks. The 
organic matter content of the biosolids released its calorific power during combustion, which enables 
both a saving of energy in manufacturing and in reducing fuel use.  
 
Fig. 5.16. Specific energy and percentage of energy savings as a function of ETP biosolids content 
Fig. 5.17 shows the SEM images taken from the internal body of the control bricks sample and 
biosolids-amended brick sample. As presented in Fig. 5.17, both the intensity and size of the pores in 
the brick microstructure increased as the percentage of biosolids increased, as a result, the bricks 
tended to be more porous, which was revealed in the bulk density, IRA and water absorption values. 
The pore size was extended up to 2 μm in the B1-50 bricks (Fig. 5.17 d), whereas the pore size of the 
control bricks (Fig. 5.17 a) was much lower.  
y = -0.00x2 - 0.06x + 34.80 
R² = 0.98 
y = 0.01x2 + 0.18x 
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Fig. 5.17. SEM micrographs of (a) B0 brick; (b) B1-5 brick; (c) B1-25 brick; (d) B1-50 brick. 
Table 5.4 shows the leaching balances of bricks made with 25% and 50% of ETP biosolids, and the 
control bricks. Glacial acetic acid with pH of 2.9 was selected as an extraction fluid for all brick 
samples. The B1-50 bricks showed the highest leaching concentrations for all heavy metals except 
Zn, which could be due to the higher biosolids content present in the ceramic body of the B1-50 bricks. 
However, all the leaching results from B0, B1-25, and B1-50 bricks were far lower than the limit 
values, as prescribed in the Industrial Waste Resource Guidelines (IWRG 631) (2009). This was due 
to all the heavy metals being stabilised in the strengthened body of the fired-bricks through the 
sintering process. Hence, incorporating ETP biosolids in making fired-clay bricks was not only an 
effective way to stabilise the heavy metals but also a reliable way of utilising biosolids in terms of 
sustainability.   
(a) (b) 
(d) (c) 
Chapter 5 Variation in Physical and Mechanical Properties of Fired-Clay Bricks Incorporating ETP Biosolids 
Aruna Ukwatta – PhD Thesis  102 




Concentrations  (mg/L) 
B0 B1-25 B1-50 
Sb 2.0 - - - 
As 0.7 - - 0.0500 
Ba 70.0 0.1282 0.1422 0.4900 
Be 1.0 - - - 
Cd 0.2 - - - 
Cr 5.0 - - - 
Cu 200 0.0250 0.0271 0.0300 
Pb 1.0 - - - 
Mo 5.0 - - 0.0100 
Ni 2.0 - - - 
Se 1.0 - - - 
Ag 10.0 - - - 
Zn 300 0.1159 0.0743 0.0200 
-  Less than 0.001 mg/L 
5.4 CONCLUSION 
This study investigated the effect of incorporating five different percentages of ETP biosolids in fired-
clay bricks on their physical and mechanical properties. The bricks were manufactured incorporating 
5%, 15%, 25%, 35%, and 50% of ETP biosolids and the control bricks with 0% biosolids. Firstly, the 
geotechnical characteristics of the brick soil and biosolids were investigated, and the laboratory 
experiment results found that: 
 The XRF results of the biosolids and brick soil revealed that both samples mainly consisted of 
Silica, Alumina, and Ferric Oxide. 
 Both brick soil and biosolids were classified as silty sand (SM) according to the Australian 
Standards. 
 The organic content and linear shrinkage of ETP biosolids were significantly greater than that 
of brick soil, while the specific gravity of the biosolids was slightly less than that for brick soil. 
Then, five different clay-biosolids bodies were fired at 1020°C for 3 hours and the physical and 
mechanical properties of the fired-clay bricks were investigated. The results indicated that: 
 All the IRA and water absorption values were within the standards limits but increased with the 
addition of biosolids as a result of increasing the apparent porosity of the bricks.  
 The addition of biosolids caused higher LOI values in manufactured bricks, which was due to 
the elimination of organic matter and the decomposition of inorganic matter by means of 
combustion during the firing stage of the bricks. 
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 The addition of up to 50% ETP biosolids produced a decrease of 40% in the compressive 
strength of the bricks. However, the compressive strength of all the biosolids-amended bricks 
was much higher than the minimum requirement stated in the Australian standards (3MPa). 
 The addition of biosolids produced lightweight bricks, which was considered to be important in 
improving the thermal insulation properties of bricks. The addition of 50% biosolids reduced 
the bulk density of bricks by 7.5% with respect to the control bricks. 
 The B1-50 bricks could save up to 25% of the energy required for firing, which was due to the 
calorific power of the organic matter present in the biosolids being released during the firing 
process of the bricks. 
 The Levels of possible leachates of heavy metals from the biosolids-amended bricks were 
evaluated by means of the ABLP method, and it was found that all the heavy metal 
concentrations were insignificant and much lower than the acceptable regulatory limits. 
Based on the results obtained for the ETP biosolids used in this study, the authors recommend the 
addition of up to 50% biosolids in fired-clay bricks, as this produced quality bricks in terms of their 
physical and mechanical properties.  Therefore, the use of ETP biosolids could have practical 
applications as a means of recycling and for achieving energy savings and sustainable development in 
manufacturing bricks. 
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5.7 SUPPLEMENTARY INFORMATION 
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Fig. 5.18 Appearance of control and ETP biosolids bricks during the manufacturing process 
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Large scale images of control and ETP biosolids amended bricks, before and after efflorescence test 
is shown in Fig. 5.19.  
 
B0 bricks – After efflorescence test B0 bricks – Before efflorescence test 
 
B1-5 bricks – After efflorescence test B1-5 bricks – Before efflorescence test 
 
B1-15 bricks – After efflorescence test B1-15 bricks – Before efflorescence test 
 
B1-25 bricks – After efflorescence test B1-25 bricks – Before efflorescence test 
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B1-35 bricks – After efflorescence test B1-35 bricks – Before efflorescence test 
 
B1-50 bricks – After efflorescence test B1-50 bricks – Before efflorescence test 
Fig. 5.19 Appearance of control and ETP biosolids bricks before and after efflorescence test. 
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Chapter 6 EFFECT OF ORGANIC CONTENT IN BIOSOLIDS ON 
THE PROPERTIES OF FIRED-CLAY BRICKS INCORPORATED WITH 
BIOSOLIDS 
INTRODUCTION 
The results presented in Chapter 4 and Chapter 5 revealed that the physical and mechanical 
properties of biosolids-amended bricks were significantly dependent on the percentage of biosolids 
present in the brick mixture. The ETP and WTP biosolids consisted of a considerable percentage of 
organic content compared to conventional brick soil. Therefore, incorporating biosolids into bricks 
changed the percentage of organic matter present in the raw brick mixture, which noticeably affected 
the properties of the manufactured bricks. Therefore, this chapter presented a thorough analysis of the 
effect of the organic content present in the brick mixture on the properties of the manufactured bricks. 
The testing methods and analysed results presented in this chapter were published in ASCE Journal 
of Materials in Civil Engineering.  
The DOI of the published paper is http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0001865  
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EFFECT OF ORGANIC CONTENT IN BIOSOLIDS ON THE PROPERTIES OF FIRED-CLAY 
BRICKS INCORPORATED WITH BIOSOLIDS 
Aruna Ukwatta, Abbas Mohajerani 
Civil and Infrastructure Engineering, School of Engineering, RMIT University, Melbourne, VIC, 
Australia 
ABSTRACT 
Biosolids are produced following the treatment of wastewater sludge. Millions of tonnes of biosolids 
are produced around the world each year. This study has investigated the effect of biosolids organic 
content on the physical and mechanical properties of fired-clay bricks. Biosolids produced at 
Melbourne Water Eastern Treatment Plant (ETP), and Western Treatment Plant (WTP) have been 
used as a partial replacement material for brick soil producing raw mixtures with different amounts of 
organic content. The raw materials – brick soil and biosolids samples – were first characterised by 
XRD (X-ray diffraction) , XRF (X-ray Fluorescence), particle size distribution, Atterberg limits, specific 
gravity, organic content, and thermal analysis. The test results revealed that the organic content of 
ETP and WTP biosolids ranged from 6.3 to 23.3%. The green brick samples incorporating biosolids 
were fired at 1050°C for three hours and the fired samples were then tested for the compressive 
strength, density, cold and hot water absorption, the initial rate of absorption, and mass loss on 
ignition. The test results showed that all the physical and mechanical properties were highly 
dependent on the organic content of the raw materials. The compressive strength and density of fired 
bricks decreased as the organic content in the raw mixture increased. The initial rate of absorption, 
water absorption, and mass loss on ignition increased linearly with the increasing organic content in 
the raw brick mixtures. Furthermore, the test results demonstrated that the organic matter present in 
the raw brick mixtures significantly reduced the energy demand during the firing process of bricks 
proportionate to the percentage of organic content. The Scanning electron microscopy results 
revealed that the intensity of pores increases with the increasing of organic content. The leaching 
analysis was carried out for the manufactured bricks with different organic content and the results 
were compared with the US EPA regulatory limits. 
Keywords: Biosolids; fired-clay bricks; organic content; energy savings; sustainability; brick properties  
6.1 INTRODUCTION 
Biosolids are treated wastewater solids that are derived from wastewater treatment sludge containing 
nutrient-rich organic solid material (NSW DPI, 2009). Biosolids are produced following the further 
treatment of sludge, which reduces the pathogens and volatile organic matter. Australia produces 
approximately 300,000 dry tonnes of biosolids annually, with 55% applied to agricultural land, 30% 
disposed of in landfills or stockpiles, and 15% used in composting, forestry and land rehabilitation 
(AWA, 2012).   
In recent years, there has been a great interest of using water treatment and wastewater treatment by-
products into various engineering applications such as, water treatment sludge in geopolymer 
Chapter 6   Effect of Organic Content in Biosolids on the Properties of Fired-clay 
Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  113 
masonry units (Suksiripattanapong et al., 2015a, Suksiripattanapong et al., 2015b, Suksiripattanapong 
et al., 2015c, Horpibulsuk et al., 2016), biosolids as road embankment fill material (Disfani et al., 2013, 
Suthagaran et al., 2007, Disfani et al., 2009a, Arulrajah et al., 2013), and biosolids as a partial 
replacement of soil for manufacturing of fired-clay bricks (Ukwatta et al., 2016, Ukwatta et al., 2015). 
Bricks are one of the oldest and most extensively used manufactured building materials, and have 
been used over a long period. Dried-clay bricks and fired-clay bricks have been used from as early as 
8000 BC and 4500 BC, respectively (Zhang, 2013). Due to their strength, consistency, climate 
resistance, durability and simplicity, bricks have been widely utilised and given a primary spot in 
history in conjunction with stone (Beall, 2004). Around 87% of the 1500 billion clay bricks produced 
annually are made in Asia, and China alone accounts for 67% of the worldwide brick production 
(Weyant et al., 2014). In Australia, clay brick production in 2013 reached to 1.38 billion units, an 
increase of 7.8% from 1.28 billion units in 2012 (Australian Bureau of Statistics, 2014). 
The physical and mechanical properties of fired bricks depend on the organic matter present in the 
raw materials. The combustion of organic matter during the firing process results in porous bricks, 
which, subsequently, affects the physical and mechanical properties of the bricks. Previous studies 
showed that fired-clay bricks can be successfully produced by incorporating organic raw materials, 
such as agricultural waste, olive mill waste, cigarette butts, and glycerine (De la Casa et al., 2012, 
Bories et al., 2015, Kadir and Mohajerani, 2011b, Kadir and Mohajerani, 2015, Mohajerani et al., 2016, 
Martínez-Martínez et al., 2016). However, the influence that the partial substitution of brick soil with 
biosolids has on the organic content of bricks remains unstudied.  
This study investigates the effect of the variation of organic content in the raw materials on the 
physical and mechanical properties of fired-clay bricks incorporating different biosolids. Bricks were 
manufactured with mixtures containing differing amounts of organic matter by varying the percentage 
of biosolids. The physical and mechanical properties of the bricks – density, compressive strength, 
cold and hot water absorption, the initial rate of absorption (IRA), and mass loss on ignition – were 
evaluated, as were the variations in the results as functions of organic content in the raw mixtures.  
The percentage of energy saving during the firing process of bricks is also presented as a function of 
the organic matter present in the raw brick mixtures. Furthermore, the possible effect of organic 
content on the leaching of heavy metals from manufactured bricks and the development of pores in 
the microstructure of bricks is discussed. In addition, multivariate statistical analysis was carried out to 
investigate the effect of organic content on the properties tested, and determine the variations and 
interdependency of the results. 
6.2 MATERIALS AND METHODS 
6.2.1 Materials 
Samples of biosolids were obtained from the ETP biosolids stockpiles and WTP biosolids stockpile in 
Melbourne, Australia. Boral Bricks Pty Ltd provided the brick soil for this research. Four different ETP 
biosolids, one WTP biosolids, and two brick soil samples were used to make bricks and were 
designated as ETP1a, ETP1b, ETP2, ETP3, WTPSP10, brick soil A, and brick soil B, respectively. 
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6.2.2 Processing method 
The mixtures with brick soils and different proportions of biosolids were manually mixed to make green 
bricks with different organic contents. The manually mixed samples were stored in airtight plastic bags 
for 24 hours to ensure consistent moisture distribution. The samples were then mixed using a 15 litre 
Hobart mechanical mixer for 20 minutes before being kept in air-tight sealed bags for another 24 hours 
for curing. The bricks were pressed into a cylinder 100 mm in diameter and 50 mm in height by 
applying a pressure of 240 kPa. The green bricks were air-dried for 48 hours and then oven dried at 
105 °C for 24 hours before being fired in an electric furnace. The temperature of the furnace was 
gradually increased at a ramp rate of 0.7 °C per minute from the ambient temperature to the desired 
maximum temperature of 1050 °C where the bricks remained for 3 hours. The fired bricks were then 
cooled to room temperature inside the furnace under natural convection. The brick manufacturing 
process can be summarised as shown in Fig. 6.1 
   
Condition after manual mixing Before Hobart mixing After Hobart mixing 
   
As made condition of bricks Oven drying of brick samples 
Bricks before firing in an electric 
furnace 
 
Appearance of bricks after firing 
Fig. 6.1 Brick manufacturing process  
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6.2.3 Characterization of raw materials and bricks 
The mineralogical composition of the brick soil and biosolids samples were first investigated using the 
X-ray diffraction (XRD) method. A Bruker AXS D4 Endeavour wide angle X-ray diffractometer was 
used at 40 kV and 35 mA with Nickel filtered CuK (alpha) α radiation. The 2θ was ranged from 5 to 7 ° 
with step size at 0.001 (2 thetas). The chemical compositions of brick soil and biosolids samples were 
then determined by X-ray Fluorescence (XRF) analysis using a Bruker AXS S4 Pioneer spectrometer. 
Thermogravimetric analysis (TGA) was performed thereafter using the PerkinElmer Pyris 1 TGA 
apparatus. The instrument was calibrated using Alumel, Nickel, Perkalloy, and Iron with an accuracy of 
10
-6
 g. For the thermal analysis, the samples were placed in platinum crucibles, and approximately 
10mg of the sample was heated from 30°C to a maximum temperature of 850°C at a constant heating 
rate of 10°C per minute in a 20 ml per minute
 
flow of air. All biosolids and brick soil samples were 
tested under the same conditions, including temperature range, atmosphere, and heating rate.  
The geotechnical properties including liquid limit, plastic limit, particle size distribution, and specific 
gravity of biosolids samples and brick soil samples were tested according to the AS 1289.3.3.1 (2009), 
AS 1289.3.2.1 (2009), AS 1289.3.6.1 (2009), and  AS 1289.3.5.1 (2006), respectively.   The 
determination of the organic content of the brick soil and biosolids samples was performed according 
to the British Standards (BS 1377-3, 1990) with an ignition temperature of 440°C. The standard 
Proctor compaction test was carried out according to the Australian Standards (AS 1289.5.1.1, 2003) 
to obtain the maximum dry density (MDD) and optimum moisture content (OMC) values of brick soil, 
biosolids-soil mixtures, and biosolids to investigate the compaction behaviour with respect to organic 
content present in the mixture. 
The density, compressive strength, IRA, water absorption, and mass loss on ignition of the 
manufactured bricks were determined according to the Australian Standards (AS/NZS 4456, 2003). 
The cold and hot water absorption involved drying the brick samples to a constant mass at 105°C, 
soaking them in distilled water for 24 hours followed by boiling for 5 hours. The IRA included 
measuring the mass of the oven-dried specimen and mass of the specimen after 60 seconds 
absorption in such a way that the bed surface of the oven-dried sample was placed in water for 1 
minute while maintaining the water level from the bed surface of the brick at 3±1 mm level. 
Furthermore, the microstructure of the fired brick samples was examined using the Phillips XL30 
scanning electron microscope.  
Variation in the organic content present in raw brick mixtures in relation to energy usage during the 
firing process was evaluated by means of the Watts Clever EW4008 Wireless Energy Monitor, which 
contains an energy monitor and power transmitter with a magnetic sensor clamp. The magnetic sensor 
clamp was fixed around the live cable of the electric furnace to measure the current (Fig. 6.2). The 
current was transmitted to the receiver display unit (Energy monitor), which multiplies it by a 
predefined voltage to deliver a power reading in terms of Watts over 10 s intervals. The total energy 
consumption was determined based on the power consumption data obtained throughout the firing 
process. 
Chapter 6 Effect of Organic Content in Biosolids on the Properties of Fired-clay Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  116 
Cable connected 
to electric furnace 
Measured current data is transmitted 
to Energy monitor 
Energy Monitor 
Magnetic sensor clamp 
Power Transmitter - Measures 
the current passing through the 
magnetic sensor clamp 
 
Fig. 6.2 Experimental setup used to measure energy consumption during firing of bricks
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Leachate analysis of fired bricks was determined according to the US toxicity characteristics leaching 
procedure (TCLP) method 1311 (USEPA, 1992). The samples were crushed and sieved using a 
9.5mm standard sieve, and the appropriate TCLP extraction fluid was then determined by measuring 
the pH of the test sample. The test samples were then extracted by means of the selected extraction 
fluid, which was equal to 20 times the weight of the crushed particles used in the test. The samples 
were then securely positioned in an agitation device and rotated at 30 rpm for 18 hours. Soon after the 
extraction, the pH of the extract was recorded and preserved by adding nitric acid until pH<2. The 
TCLP extract was then separated from the solid phase by means of pressure filtration and filtering 
through a 0.45-micron filter, as shown in Fig. 6.3. Finally, the leaching eluates were finally analysed 




TCLP extract after 
agitation process 
Syringe filtration using 
0.45-micron filter 
Condition before and after syringe 
filtration 
Fig. 6.3 Filtration procedure of TCLP extract before analysing using ICPMS 
6.3 RESULTS AND DISCUSSION 
6.3.1 Analysis of brick soil and biosolids 
The XRD patterns of the brick soil and biosolids samples exhibited that brick soil A and brick soil B 
contained Quartz (SiO2) as the leading crystalline phase with the presence of Muscovite 
(KAl2(AlSi3O10)(F,OH)2) and Kaolinite (Al4(OH)8(Si4O10)). All the ETP biosolids samples contained 
Quartz as the primary crystalline phase. ETP1a and ETP1b consisted of an insignificant amount of 
Haematite (Fe2O3) and Tosudite ((K, Ca)0.8Al6(Si,Al)8O20(OH)10.4H2O). Moreover, apart from Quartz, 
ETP2 also contained Kaolinite whereas ETP3 consisted of traces of Tosudite and Kaolinite. The 
WTPSP10 biosolids contained Quartz as the primary crystalline phase, with the presence of 
Muscovite, Kaolinite and Bassanite (CaSO4 0.5H2O), as shown in Fig. 6.4. 
Before After 
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Fig. 6.4 XRD patterns of the brick soils and biosolids samples 
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The respective chemical composition of the brick soil samples and biosolids samples are shown in 
Table 6.1. Both brick soil and biosolids samples had high amounts of SiO2, Al2O3, and Fe2O3. All 
biosolids samples had similar amounts of TiO2, K2O, and MgO compared to those found in the two 
brick soil samples.  
Table 6.1 Chemical compositions of the brick soil and biosolids samples obtained by XRF (wt%). 
Sample SiO2 Al2O3 Fe2O3 TiO2 K2O MgO 
Brick soil A 63.48 20.00 6.72 1.19 5.52 1.34 
Brick soil B 64.75 19.20 6.60 1.14 4.96 1.73 
ETP1a 62.05 17.00 8.92 2.34 0.91 0.93 
ETP1b 59.43 17.60 9.58 2.18 0.91 1.59 
ETP2 56.06 20.80 11.02 1.97 0.92 1.38 
ETP3 51.55 21.90 9.12 2.02 1.00 1.30 
WTPSP10 46.91 15.90 8.60 2.15 2.82 1.35 
Particle size distributions of the brick soils and biosolids samples are shown in Fig. 6.5 and Table 6.2. 
Both the brick soil and the biosolids samples primarily consisted of sand and fine-grained particles (silt 
and clay). However, WTPSP10 biosolids had a significant amount of gravel size particles (13.4%) 
compared to other biosolids and brick soil samples. The Atterberg limit test results of raw materials are 
presented in Table 6.2. The ETP3 biosolids samples showed the highest liquid limit of 67% whereas 
the brick soil A showed the lowest liquid limit of 31%. The liquid limit results for the biosolids samples 
shown in Table 6.2 are much lower than 100-550% reported in other studies (Arulrajah et al., 2013, 
Disfani et al., 2013, Disfani et al., 2009a, Suthagaran et al., 2013, Asakura et al., 2009, O'Kelly, 2006), 
and the liquid limit of ETP3 is in the same magnitude of 66% reported by Stone et al. (1998). The 
ETP3 and WTPSP10 biosolids showed the highest plastic limit of 41% and brick soil B had the lowest 
plastic limit of 19%. The plastic limits of biosolids samples used in this study were significantly lower 
than the plastic limit of biosolids (79-83%) reported by Arulrajah et al. (2011). The specific gravity of 
ETP and WTP biosolids samples are lower than that of two brick soil samples. The specific gravity of 
the biosolids samples was higher than (1.86-1.88) that reported by Arulrajah et al. (2011) and lower 
than the value of 2.6 reported by Asakura et al. (2009).  
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Fig. 6.5 Particle size distributions of brick soils and biosolids samples 
The WTPSP10 biosolids had a significantly higher organic content of 23.3% compared to the ETP 
biosolids and the brick soil samples. The ETP1a and ETP1b biosolids had relatively similar organic 
contents (6.3% and 7.1%) whereas ETP2 and ETP3 had organic contents of 9.5 and 14.4%, 
respectively, as shown in Table 6.2. Other researchers have reported the organic content of biosolids 
in the range of 26-39% (Arulrajah et al., 2013, Disfani et al., 2013, Disfani et al., 2009a, Suthagaran et 
al., 2013). The brick soil A and brick soil B had the lowest organic contents of 1.4 and 1.2%, 
respectively. Therefore, incorporating different percentages of biosolids into brick soils increases the 
organic content of biosolids-soil mixtures. 






ETP1a ETP1b ETP2 ETP3 WTPSP10 
Specific Gravity 2.73 2.69 2.52 2.51 2.46 2.43 2.14 
Liquid limit (%) 31 32 46 46 58 67 53 
Plastic limit (%) 21 19 21 27 25 41 41 
Plasticity Index (%) 10 13 25 19 33 26 12 
Gravel content (>2.36mm) 
(%) 
2.5 1.2 - 0.4 - - 13.4 
Sand content (0.075 - 2.36 
mm) (%) 
68.1 74.6 79.3 87.5 84.3 89.2 76.0 
Fine grained size particles 
(<0.075 mm) 
29.4 24.2 20.7 12.1 15.7 10.8 10.6 
Organic content (%) 1.4 1.2 6.3 7.1 9.5 14.4 23.3 
The physical appearance of the ETP1b and WTPSP10 biosolids before and after the organic content 
test is shown in Fig. 6.6. The appearance of the biosolids changed from black to a brown colour, 

























Particle size (mm) 
Brick soil A Brick soil B ETP1a ETP1b ETP2 ETP3 WTPSP10
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Before organic content test After organic content test 
    
ETP1b WTPSP10 ETP1b WTPSP10 
Fig. 6.6 Condition of samples before and after the organic content test 
Fig. 6.7 (a)-(d) and Table 6.3 present the Thermogravimetric (TG) and derivative thermogravimetric 
(DTG) data for the brick soil and biosolids samples in an air atmosphere. The TGA curves of brick soil 
A in Fig. 6.7 (a), shows peaks at 70°C, 260°C, and 470°C. The first mass loss corresponds to the 
dehydration and drying process, and the mass losses between 260 and 470°C are mostly due to the 
decomposition of organic matters and volatiles (Magdziarz and Werle, 2014). Similar thermal 
behaviour was observed for brick soil B except for the initial dehydration, which could be due to less 
moisture being present in the brick soil B compared to that present in the brick soil A. 
Table 6.3 Characteristic parameters obtained from DTG profiles of brick soil and biosolids samples 










Brick soil A 70 0.06 95.3 0.25 
 260 0.05  0.80 
 470 0.13  2.25 
Brick Soil B 200 0.050 95.7 0.40 
 420 0.130  1.40 
ETP1a 80 0.220 87.3 0.80 
 420 0.420  8.50 
ETP1b 80 0.33 84.2 1.40 
 420 0.44  11.00 
ETP2 80 0.220 82.5 1.00 
 425 0.590  11.02 
 580 0.170  16.16 
ETP3 80 0.299 75.6 1.40 
 340 0.777  9.90 
 420 0.794  15.80 
 580 0.191  22.70 
WTPSP10 80 0.164 81.7 2.00 
 330 0.208  7.00 
 440 0.630  17.20 
 620 0.438  18.30 
Tm temperature corresponds to maximum weight loss rate; DTGmax maximum weight loss rate. 
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The TG and DTG results of biosolids are presented in Fig. 6.7 (b), (c), and (d). The main differences 
between the biosolids profiles and brick soil profiles are due to the different organic and inorganic 
matter characteristics. All the biosolids samples showed an initial mass loss at 80°C as a result of 
dehydration. The main mass loss from the biosolids samples was observed between 200°C and 
580°C, which was mainly due to the combustion of organic matter. The weight loss present in Table 
6.3 for the brick soil and biosolids samples at 440°C confirms the organic content test results 
presented in Table 6.2. The highest weight loss at 440°C was observed for WTPSP10 (Table 6.3), 
which had the highest organic content (Table 6.2), whereas the lowest weight loss at 440°C was 










































TG Soil A TG Brick Soil B
DTG Soil A DTG Brick Soil B
(a) 
Chapter 6   Effect of Organic Content in Biosolids on the Properties of Fired-clay 
Bricks Incorporated with Biosolids 























































































TG ETP2 TG ETP3 DTG ETP2 DTG ETP3
(b) 
(c) 
Chapter 6   Effect of Organic Content in Biosolids on the Properties of Fired-clay 
Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  124 
 
Fig. 6.7 TG and DTG curves corresponding to (a) brick soil A and brick soil B; (b) ETP1a and ETP1b; 
(c) ETP2 and ETP3; (d) WTPSP10 
A series of compaction tests was conducted at different percentages (0% to 100%) of the ETP 
biosolids-soil mixtures to investigate the effect of organic content in the mixtures on the compaction 
behaviour of soil. The test results showed that the MDD and the OMC of different ETP biosolids-soil 
mixtures were functions of the percentage of the organic matter present in the mix. The MDD and 
OMC varied linearly with the fraction of the organic content in the raw mix, as shown in Fig. 6.8. The 
R-squared values indicated that there were strong correlations (R
2
 = 0.95 and 0.97) between the MDD 
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Fig. 6.8 Maximum dry density and optimum moisture content of the ETP biosolids-soil mixtures as a 
function of the organic content 
6.3.2 Properties of bricks as a function of the organic content 
Compressive strength is of the utmost important in assuring the engineering quality of bricks as it 
measures the ability of bricks to withstand structural loads. Testing was carried out as per the 
Australian Standards (AS/NZS 4456, 2003) and the results are shown in Fig. 6.9 (a). The compressive 
strength of bricks decreased with the increasing organic content present in the raw mixture, which was 
similar to the results presented by Martínez-Martínez et al. (2016). The compressive strength of bricks 
was reduced by 66% as the organic content of the raw mixture varied from 1.2 to 6.75%. The 
condition of the brick sample, after subjected to compressive strength test is shown in Fig. 6.9 (b). 
y = -48.96x + 1855.93 
R² = 0.95 
y = 1.23x + 14.37 



























































Organic content of the sample(%) 
MDD OMC
Brick soil "B" Biosolids-soil mixtures with different pernctage of ETP biosolids ETP biosolids 
Chapter 6   Effect of Organic Content in Biosolids on the Properties of Fired-clay 
Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  126 
 
 
Fig. 6.9 (a) Compressive Strength of the bricks as a function of organic content in the raw mixture; (b) 
Compressive strength test 
The density of the manufactured bricks was found according to the Australian Standards (AS/NZS 
4456, 2003). The density of the bricks decreased as the percentage of organic matter present in the 
raw mixture increased (Fig. 6.10). A similar trend of variation in density has been reported by 
Martínez-Martínez et al. (2016) and Eliche-Quesada et al. (2015). The bricks manufactured from brick 
soil B, which had the lowest organic content of 1.2%, showed the highest density of 2122 kgm
-3
. The 
addition of biosolids to bricks, which increased the organic content of the raw brick mixture up to 
6.75%, resulted in a decrease in the density, obtaining values between 2117 kgm
-3
 and 1876 kgm
-3
. 
This trend was primarily due to the addition of biosolids, which results in the higher porosity of 
manufactured bricks.   Particularly, the presence of organic matter accounts for the development of 
pores in the ceramic body, which formed during the firing process and, which subsequently, formed 
lightweight bricks.  
y = -16.07ln(x) + 43.49 
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Fig. 6.10 Density of the bricks as a function of organic content in the raw mixture 
The IRA affects the durability and quality of the final product and refers to the amount of water 
absorbed in 1 min through the bed surface of the brick. Low water infiltration into bricks contributes to 
excellent durability, and, consequently, higher resistance to the natural environment. The variation in 
the IRA of the bricks with the organic content of the raw mixture is shown in Fig. 6.11. The IRA of the 
bricks increased as the percentage of organic matter present in the raw mixture increased. The IRA of 





, respectively.  
 
Fig. 6.11 Variation of IRA as a function of organic content in the raw mixture 
y = -150.29ln(x) + 2170.07 
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Water absorption is a significant parameter in assessing the durability and thus measuring the quality 
of manufactured bricks. The less the water infiltrates into the brick, the higher the durability and 
resistance to the natural environment of the brick. The test results of cold water and hot water 
absorption on brick samples as a function of the organic content present in the raw mixture are shown 
in Fig. 6.12. The results indicated that the water absorption increased as the organic content in the 
raw mixture increased. This agrees with the results obtained by Sutcu and Akkurt (2009) and La 
Rubia-García et al. (2012). Fig. 6.13 (a) and Fig. 6.13 (b) show the testing environment of the cold and 
hot water absorption tests, respectively. The hot water absorption of bricks was higher than the cold 
water absorption of bricks, which could be due to the expansion in pores in the ceramic body in a 
higher temperature environment. It is noticeable that the organic content present in the raw mixture of 
the bricks has a significant effect on the water absorption properties of the bricks. This is mainly due to 
the increase in the porosity of the ceramic body as a result of the combustion of organic matters 
during the firing process.  
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Fig. 6.12 (a) Cold water absorption of bricks as a function of organic content in the raw mixture; (b) hot 
water absorption of bricks as a function of organic content in the raw mixture 
  
Fig. 6.13 (a) Cold water absorption test; (b) hot water absorption test 
y = 1.90ln(x) + 7.45 
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The variation in the mass loss on ignition as a function of organic matter present in the brick raw 
mixture is shown in Fig. 6.14. There was a gradual increase in the mass loss on ignition, which may be 
due to the contribution of the organic matter in the biosolids as well as the inorganic matter in both the 
brick soil and biosolids samples (Liew et al., 2004a, Lin and Weng, 2001, Weng et al., 2003). 
 
Fig. 6.14 Mass loss on ignition of bricks as a function of the organic content in the raw mixture 
SEM micrographs of bricks, contain different percentages of organic content in the raw brick mixture, 
are shown in Fig. 6.15a, b, and c, which corresponds to bricks containing 1.4%, 4.65%, and 6.75% of 
organic contents in their raw mixture, respectively. As can be seen in Fig. 6.15, the intensity of the 
pores increases with the percentage of organic content present in the raw brick mixture. Bricks tend to 
be more porous due to the thermal destruction of organic matters during the backing of bricks. As a 
result, lightweight bricks with low strength can be expected, which has been revealed in compressive 
strength and density results presented in Fig. 6.9 and Fig. 6.10, respectively. 
   
Fig. 6.15 SEM images of bricks containing organic contents of (a) 1.40%; (b) 4.65%; (c) 6.75% in the 
raw mixture 
As shown in Fig. 6.16, a relationship has been derived between the organic content of the raw brick 
mixtures and the percentage of energy savings during the firing process of the bricks. The percentage 
of energy savings is greatly dependent on the percentage of organic matter present in the brick raw 
mixture. The organic matter content of the biosolids releases its calorific power during combustion, 
y = 3.39ln(x) + 3.18 
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which enables a saving of energy during the firing process of the bricks.  These energy savings are 
significant in terms of creating a sustainable environment, as it reduces the usage of fuel, which, in 
turn, significantly reduces the greenhouse and other gas emissions.  
 
Fig. 6.16 Energy savings of bricks as a function of organic content in the raw mixture 
The leaching of heavy metals - As, Ag, Ba, Be, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, and Zn - was 
evaluated for manufactured bricks and the leaching concentrations of Sb, Be, Cd, Cr, Pb, Ni, Se, and 
Ag were found to be below the detection limit of 0.001 mg/L whereas leaching concentrations of As, 
Ba, Cu, Mo, and Zn were found to be less than 0.14 mg/L. It is notable that the concentrations of all 
these tested heavy metals leached from the biosolids-amended bricks were well below the regulatory 
limits stipulated by the US environmental protection agency (Code of Federal Regulations, 2012). In 
addition, test results showed that the organic content present in the raw brick mixture used in this 
study has minimal effect on the leaching of heavy metals from fired bricks.  
6.3.3 Multivariate Statistical Analysis 
A multivariate statistical analysis was carried out to investigate the correlation between all properties 
tested in this study. This hierarchical cluster analysis facilitates to discriminate groups of properties 
that have more similarity amongst them (Saboya et al., 2007). A clustering technique of single linkage 
cluster method along with the absolute correlation coefficient distance as a measure of similarity of 
each group has been employed in this study. Minitab software has been used for the statistical 
analysis. The results of the clustering analysis are presented in Fig. 6.17 as a dendrogram, where it is 
visible to see similarities between each group. 
y = 7.29x 
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Fig. 6.17 Dendrogram for the variable interaction 
As it can be seen that the higher similarity is related to the organic content and the weight loss on 
ignition, as expected. Interestingly, another similar group is formed between the compressive strength 
and the density. These two similar groups formed one combined group, which is separated with the 
IRA by the relatively lower similarity as shown in Fig. 6.17. These results indicate that the organic 
content and weight loss on ignition are more sensible to each other. Furthermore, the same behaviour 
can be observed between the compressive strength and density but lower in similarity. Also, cold 
water absorption and hot water absorption were more sensible to each other, which shows 
approximately 95% of similarity. The IRA is more sensible to the organic content compared to water 
absorption of bricks. This means that the effect of organic content on both the hot and cold water 
absorption of bricks tends to make a lower impact compared to the other properties. 
6.4 CONCLUSION 
This study has demonstrated that the organic content in the brick soil and biosolids mixtures has a 
significant influence on the physical and mechanical properties of fired-clay bricks incorporating 
biosolids. Initially, the brick soil and biosolids samples were characterised by their chemical 
composition, geotechnical properties, and organic content. Bricks were then manufactured in the 
laboratory by incorporating different amounts of biosolids obtained from the ETP and WTP stockpiles 
in Melbourne. The laboratory test results indicated that: 
1. The WTPSP10 biosolids had the highest organic content of 22.1% whereas the brick soil B 
had the lowest organic content of 1.2%. Also, the ETP1a, ETP1b, ETP2, and ETP3 biosolids 
samples had organic contents of 6.3, 7.1, 9.5, and 14.4%, respectively. The TG and DTG 
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results indicated that the brick soil and biosolids showed a similar weight loss pattern 
compared to those found in the organic content test. 
2. The multivariate statistical analysis results showed that the weight loss on ignition, 
compressive strength, and density are more sensible to the percentage of organic content 
presents in the raw mixture in comparison to IRA, cold water, and hot water absorption. 
3. The compressive strength and density of the fired bricks linearly decreased with the increasing 
percentage of organic content present in the raw mixture. The cold and hot water absorption, 
mass loss on ignition, and initial rate of absorption values linearly increased with the addition 
of biosolids, and, therefore, the increase in organic content. 
4. The standard proctor compaction results revealed that the MDD and OMC of biosolids-soil 
mixtures had a strong correlation with the organic content present in the biosolids-soil mixture. 
5. The raw brick mixture (brick soil + biosolids) containing organic content of 4.2% could save 
approximately 32.6% of the energy required for firing, which was due to the calorific power of 
the organic matter present in the biosolids, which was released during the firing process of the 
bricks. Furthermore, the SEM results revealed that the intensity of pores increases with the 
increasing of organic content.  
6. The leaching concentrations from bricks incorporating different percentages of biosolids were 
insignificant compared to the US EPA regulatory upper limits, and the organic content present 
in the raw brick mixture has an insignificant effect on the leaching of heavy metals, for the 
materials used in this study. 
7. The chemical composition of four ETP biosolids samples and WTPSP10 biosolids were found 
to be similar to those found in two conventional brick soil samples, but with different 
percentages. All samples contained Silica, Alumina, and Ferric oxide as primary oxide 
components 
It can be concluded that the organic content present in the raw materials has a significant effect on the 
physical and mechanical properties of bricks. In addition, the biosolids used in this study can be 
regarded as a potential alternative raw material to the brick soil in manufacturing clay bricks, and they 
can contribute significant savings in the energy required for firing process, depending on the 
percentage of organic content in the biosolids. 
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Chapter 7 LEACHATE ANALYSIS OF GREEN AND FIRED-CLAY 
BRICKS INCORPORATED WITH BIOSOLIDS 
INTRODUCTION 
After evaluating the physical and mechanical properties of the ETP and WTP bricks, a comprehensive 
study was conducted to address the possible environmental impacts of biosolids-amended bricks. The 
leaching of heavy metals from the ceramic body poses one of the most important environmental 
impacts linked to the waste created bricks. Therefore, the leaching concentrations of thirteen toxic 
heavy metals were evaluated for the biosolids bricks according to the toxicity characteristics leaching 
procedure (TCLP) and Australian bottle leaching procedure (ABLP). The results of the heavy metals 
concentrations were compared with the Industrial Waste Resource Guidelines and US EPA regulatory 
limits. In addition, this study compared the heavy metal concentrations leached for both green and 
fired-clay bricks. The results showed that this novel alternative route of recycling biosolids into fired-
clay bricks immobilised the heavy metals present in the biosolids, which, consequently, controlled the 
leaching of hazardous heavy metals and the associated risks from biosolids stockpiles. The testing 
methods and analysed results presented in this chapter were published in Waste Management 
Journal.  
The DOI of the published paper is https://doi.org/10.1016/j.wasman.2017.04.041    
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LEACHATE ANALYSIS OF GREEN AND FIRED-CLAY BRICKS INCORPORATED WITH 
BIOSOLIDS 
Aruna Ukwatta, Abbas Mohajerani 
School of Engineering, RMIT University, Melbourne, VIC, 3000, Australia 
ABSTRACT 
The substantial increase in biosolids production throughout the world requires sustainable routes for 
reuse. This study describes the leaching behaviour of potentially hazardous metals from the green and 
fired bricks incorporating four different biosolids samples from the Eastern Treatment Plant (ETP) and 
Western Treatment Plant (WTP) in Melbourne. The biosolids samples were characterised by XRD, 
XRF, TGA, particle size distribution, and organic content. The leaching of As, Ag, Ba, Be, Cd, Cr, Cu, 
Mo, Ni, Pb, Sb, Se, and Zn was evaluated for both the green and the fired bricks according to the 
Toxicity characteristic leaching procedure (TCLP) and the Australian bottle leaching procedure 
(ABLP). The leaching of heavy metals from both the green and the fired bricks was compared to 
investigate the effect of firing on the leaching capability of bricks. The results showed that the leaching 
of heavy metals from fired bricks was significantly lower than that for the green bricks. The ABLP 
concentrations of heavy metals were higher than those found using the TCLP method, mainly due to 
the higher specific surface area of the particles used in the ABLP method. Moreover, bricks were 
evaluated by the technological properties, such as compressive strength, density and water 
absorption. 
Keywords: Waste management; biosolids; fired-clay bricks; green bricks heavy metals; leachate 
analysis 
7.1 INTRODUCTION 
The disposal of biosolids from wastewater treatment plants into landfills has become a serious 
environmental issue throughout the world, and involves additional cost for the management of 
biosolids. In Australia, the annual production of biosolids has risen to 330,000 tonnes, and about A$90 
million has been spent on their management (ANZBP, 2015b, ANZBP, 2012). Approximately one 
million cubic metres of biosolids are currently stockpiled at the Eastern Treatment Plant (ETP) and 
Western Treatment Plant (WTP) in Melbourne. Biosolids are the treated sludge, and are the major by-
product of the wastewater treatment process. In the last couple of decades, biosolids materials have 
been used for fertiliser in agriculture, compost, landfill, forestry and embankment fill (Cusidó and 
Cremades, 2012, Arulrajah et al., 2011). The characteristics of biosolids are significantly affected by 
the origin and method of treatment (Melbourne Water, 2013), and their applications are primarily 
controlled by their heavy metal content, which has been stipulated in the legislation. For instance, in 
the State of Victoria, the applications of biosolids are highly dependent on the classification of 
biosolids, which is based on the contaminant concentrations in the biosolids and microbiological 
quality post-treatment (EPA Victoria, 2004). However, there could be a higher risk to develop 
secondary environmental pollution from biosolids after being used in different applications, such as 
generating dust, odour, and air pollutant emissions (Xu et al., 2013). Therefore, incorporating biosolids 
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as an alternative raw material to brick soil in manufacturing fired-clay bricks could be a promising 
solution to overcome these issues. 
Bricks are one of the oldest building materials and are used in many parts of the world. Sun-dried 
bricks and hand-moulded bricks were made as early as 14,000 BC, as evidenced by those found in 
the lower layers of the Nile deposits in Egypt. Sun-dried clay bricks were used in 8000 BC and fired-
clay bricks in 4500 BC (Kadir and Mohajerani, 2011a, Zhang, 2013). Due to the outstanding physical 
and mechanical properties, bricks have been continuously used as a primary building material by most 
cultures (Beall, 2004). Approximately 87% of the 1500 billion clay bricks produced annually are made 
in Asia, and China alone accounts for two-thirds of global brick production (Weyant et al., 2014). In 
Australia, clay brick production reached 1.38 billion units in 2013, an increase of 7.8% from 1.28 billion 
units in 2012. In the first quarter of 2014, clay brick production was 315,810,000 units (Australian 
Bureau of Statistics, 2014).  
The use of biosolids in manufacturing fired-clay bricks could be a promising approach for the 
comprehensive utilisation of biosolids (Ukwatta et al., 2014, Ukwatta et al., 2015, Ukwatta et al., 2016, 
Ukwatta and Mohajerani, 2017a). Incorporating sludge and sludge ash in the ceramic industry has 
been investigated in the last three decades (Wolff et al., 2015, Zhou et al., 2013, Liew et al., 2004b, 
Lin and Weng, 2001, Churchill, 1994, Alleman, 1989). However, there has been public concern about 
the safe use of these innovative construction materials due to the possibility of placing toxic and 
hazardous waste materials directly into the buildings (Cusidó and Cremades, 2012). Therefore, it is of 
the utmost importance to carry out a comprehensive environmental assessment of new building 
products incorporating waste materials before their use as a commercial product.  
The common heavy metals found in biosolids that present a potential risk to human health and the 
environment, are Cd, Cr, Pb, Ni, Mo, As, Sb, Se, and Zn (Warman et al., 1995, Silveira et al., 2003a, 
Qi et al., 2011, Wuana and Okieimen, 2011). From a general point of view, Cd exposure may cause 
kidney damage and affect the bones, which might lead to fractures. Pb exposure can cause a 
reduction in the blood levels, and Cr and Ni have been identified as being carcinogenic, mutagenic 
and teratogenic. The leachates from bricks incorporating biosolids basically represent heavy metals, 
which could have a potentially negative impact on human health and environmental quality by leaching 
into the groundwater and surface water giving rise to water pollution issues (Xu et al., 2013, Chang et 
al., 2007). Previous studies have shown that the sintering process has a positive effect on the 
immobilisation of heavy metals from the crystalline structure (He et al., 2012, Samara et al., 2009, 
Chiang et al., 2009). Therefore, measuring the concentration of heavy metal elements present in the 
bricks incorporating biosolids is significant from the perspective of environmental compatibility. 
The objective of this study was, therefore, to investigate and compare the mobility of heavy metals 
from bricks incorporating four different biosolids. Since there is no specific Australian guideline 
available to evaluate the leaching levels of waste amended bricks, the leaching tests were conducted 
according to the ABLP method  (AS 4439.3, 1997) and results are compared with solid industrial 
waste hazard categorisation thresholds published by EPA Victoria Industrial Waste Resource 
Guidelines (IWRG 631) (2009). In addition, TCLP method (USEPA, 1992) was employed to evaluate 
the leaching concentrations of biosolids amended bricks. The TCLP and ABLP concentrations of 
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similar brick samples were then compared to identify the parameters involved for different leaching 
concentrations. Both green bricks (bricks after oven drying) and fired bricks (bricks after firing) were 
also tested for the leaching of heavy metals according to the TCLP and ABLP methods in order to 
evaluate the effect of firing on the mobilization of heavy metals. The test results were compared with 
the US EPA and EPA Victoria guideline limits to assess the suitability of using this new product as an 
environmentally safe material in respect of leaching. In addition, some of the physical and mechanical 
properties of the manufactured bricks were determined.  
7.2 MATERIALS AND METHODS  
7.2.1 Materials 
The materials used in this study were brick soil (Silty Sand) and four different biosolids samples. Three 
biosolids samples were collected from the top of three stockpiles (SP 22-03/1001, SP 22-03/1002, and 
SP 20-02/1003) located at the ETP in Melbourne (Australia) and one biosolids sample was collected 
from the top of stockpile No.10 at the WTP in Melbourne. All samples were collected after removing 
the top root and grass zone of stockpiles. Approximately 500 kg was collected from each stockpile for 
the use of this study. Mechanical splitting with riffle box was used for the sub-sampling of biosolids 
and brick soil samples. Three ETP biosolids were labelled as ETP1, ETP2, and ETP3 whereas the 
WTP biosolids sample was labelled as WTP10.  Boral bricks Pty Ltd provided the brick soil for this 
study. 
7.2.2 Characterization of brick raw materials 
X-ray fluorescence and X-ray diffraction analysis were used to determine the chemical and mineral 
composition of biosolids samples and brick soil. The details of the employed method can be found in 
Ukwatta et al. (2016). The sand and gravel content of all the samples was determined according to the 
Australian Standards for particle sizes greater than 75µm (AS 1289.3.6.1, 2009). The size of biosolids 
clods was reduced by crumbling using a mortar and pestle. The sieving was carried out by means of 
dry preparation method. The silt and clay content of samples were determined using a Malvern 
Mastersizer X Particle size analyser. The organic content of brick soil and biosolids samples was 
ascertained according to BS 1377-3 (BS 1377-3, 1990).  
Thermogravimetric analysis (TGA) was performed using a PerkinElmer Pyris 1 TGA apparatus in 
order to monitor the mass change of the biosolids and the brick soil, which was measured as a 
function of temperature whilst the sample was subjected to a constant rate of heating. The samples 
were bottom loaded in platinum crucibles, and 10 mg samples were heated from 30°C to a maximum 
temperature of 850°C at a constant heating rate of 10°C/minute in an air atmosphere with a purge rate 
of 20 mL/minute. 
7.2.3 Brick manufacturing method 
Bricks were manufactured incorporating 25% of biosolids and 75% of brick soil. Previous studies have 
shown that the 25% sludge or biosolids can be successfully incorporated into fired bricks with 
acceptable physical and mechanical properties (Liew et al., 2004a, Liew et al., 2004b, Ukwatta et al., 
2015). Control bricks with 0% biosolids were also made to compare the properties of the biosolids-
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amended bricks. Using a Hobart mechanical mixer, the samples were mixed for 20 minutes before 
being placed into a 100mm diameter cylindrical mould and compacted using a gyratory compactor. A 
maturation period of 48 hours, followed by a 24-hour oven-drying period of 105°C was employed. The 
oven-dried bricks were named as “green bricks”. The green bricks were fired in an electric furnace at a 
rate of 0.7°C per minute to a temperature of 1100°C, where it was left to dwell for 3 hours. The 
samples were cooled to room temperature inside the furnace under natural convection. The fired brick 
samples were designated as B0 for the bricks without biosolids. The bricks incorporating 25% of 
ETP1, ETP2, ETP3, and WTP10 were labelled as ETP1-25, ETP2-25, ETP3-25, and WTP10-25, 
respectively (Fig. 7.1). In addition, the manufactured brick samples were tested for their physical and 
mechanical properties including their compressive strength, cold and hot water absorption, and 
density according to the Australian Standards (AS/NZS 4456.1, 2003). The compressive strength of 
bricks was measured by means of MTS machine. The cold water absorption was determined by 
measuring the weight difference between the as-fired and the water saturated samples (immersed in 
cold water for 24 h). The cold water saturated samples were then immersed in hot water for 5 hrs to 
determine the hot water absorption, which was determined by measuring the weight difference 
between the as-fired and the hot water saturated samples. The experiments were replicated three 
times and the results presented as an average value. 
 
B0 ETP1-25 ETP2-25 ETP3-25 WTP10-25 
Fig. 7.1 Different brick samples used in the study 
7.2.4 Sample preparation and leachate analysis 
The leaching of heavy metals from the ceramic bodies was determined according to the TCLP method 
1311 (USEPA, 1992) and ABLP method (AS 4439.3, 1997). Heavy metals including Antimony (Sb), 
Arsenic (As), Selenium (Se), Barium (Ba), Beryllium (Be), Molybdenum (Mo), Cadmium (Cd), 
Chromium (Cr), Lead (Pb), Silver (Ag), Zinc (Zn), Copper (Cu), and Nickel (Ni) were analysed using 
both methods. In the TCLP method, the samples were crushed and sieved using a 9.5mm standard 
sieve. Then, as described in section 7.2.5, an appropriate TCLP extraction fluid was determined by 
measuring the pH of the test sample. The test samples were then extracted by means of the selected 
extraction fluid. The volume of the extraction fluid was approximately 400 ml, which was equal to 20 
times the weight of the crushed particles (20g) used in the testThe samples were then securely 
positioned in an agitation device, and rotated at 30 rpm for 18 hours. Soon after the extraction, the pH 
of the extract was recorded by using an electric pH meter with the accuracy of ±0.05 at 25°C. Before 
the tests, pH meter was calibrated with standard buffers of pH 4.0, pH 7.0, and pH 10.0. The extract 
was then preserved by adding nitric acid until pH<2. The extract was then separated from the solid 
phase by filtering through a 0.45-micron filter (Fig. 7.3). The sample preparation procedure is similar 
for both the TCLP and ABLP but differs in particle size, in that the TCLP and ABLP method use 
particle sizes of less than 9.5mm and 2.4mm, respectively (Fig. 7.2 & Fig. 7.3). The extracted samples 
were analysed for heavy metals by using Inductively Coupled Plasma Mass Spectrometry (ICP-MS), 
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which has been used by many researchers for trace metal analysis (Dutré and Vandecasteele, 1995, 
Domínguez and Ullman, 1996, Kadir and Mohajerani, 2011b, Quijorna et al., 2012, Kadir and 
Mohajerani, 2012, Zhou et al., 2013, Fang et al., 2016). All the results presented are the average of 
three replicates. Furthermore, all the leachate results were verified by a NATA accredited external 
laboratory in Melbourne, Australia. 
  
Particle Size < 9.5mm – TCLP method Particle Size < 2.4mm – ABLP method 
Fig. 7.2 Particle sizes used in TCLP and ABLP methods. 
Crush the biosolids (or bricks) to a particle size < 9.5mm or 
particle size < 2.4mm
Determine the appropriate extraction fluid
Prepare the samples with solids to extraction fluid ratio 1:20 in 
a screw capped extractor bottle 
Secure the bottle in agitation device, and rotate at 30±2 rpm 
for 18±2 hours
Separate the liquid and solid phase by filtering through 0.45 
µm glass fiber filter
Analyse the extract using ICP-MS
 
Fig. 7.3  Flow chart for the  TCLP and ABLP leachate analysis method. 
7.2.5 Selection of extraction fluid  
The selection of the extraction fluid in the TCLP and ABLP methods is shown in Fig. 7.4. The 
differences between the  two methods were the volume of water added (95.5 mL for TCLP and 100 ml 
for ABLP) for the stirring and the heating temperature (50°C for TCLP and 50-60 °C for ABLP) after 
adding HCl. 
In the TCLP method, the extraction fluid#1 was prepared by adding 5.7ml of glacial acetic acid 
(CH3COOH) to 500ml of water. Then 64.3 ml of 1mol/L NaOH was added before diluting to a volume 
of 1 Litre with water. Extraction fluid#2 was prepared by diluting 5.7ml of CH3COOH with water to a 
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volume of 1 Litre. The expected pH of the extraction fluid#1 and extraction fluid#2 is 4.93±0.05 and 
2.88±0.05, respectively.  
Weigh out a small subsample and reduce the solid to a 
particle size of 1mm in diameter or less, and transfer 5g 
of the solid phase of sample to a 500 ml beaker or 
Erlenmeyer flask
TCLP Method ABLP Method
Add 96.5 ml of water to beaker, 
cover with a watch glass, and stir 
vigorously for 5 minutes using a 
magnetic stirrer 
Add 100 ml of water to beaker, 
cover with a watch glass, and stir 








Add 3.5ml of 1mol/L HCl, slurry 
briefly, coverwith watch glass, 
heat to 50°C, and hold at 50°C 
for 10 minutes and let solution to 












Fluid pH = 5.0
Yes
Add 3.5ml of 1mol/L HCl, slurry 
briefly, coverwith watch glass, 
heat to 50°C to 60°C, and hold 
at this temperature for 10 






Fluid pH = 2.9
NoYes
 
Fig. 7.4  Procedure for the selection of extraction fluid in TCLP and ABLP methods 
In the ABLP method, the extraction fluid of pH 2.9 was prepared by adding 5.7ml of CH3COOH to 
900ml of water, and diluting to a volume of 1 Litre with water. The pH of the prepared sample should 
be 2.8 to 3.0 and adjustment of the pH is not permitted. The extraction fluid of pH 5.0 was prepared by 
adding 5.7ml of CH3COOH to 900ml of water, to which 64.3 ml of 1mol/L NaOH was added, before 
diluting to a volume of 1 Litre with water. The pH of the prepared sample can be adjusted by the 
dropwise addition of 1mol/L of CH3COOH or 1mol/L NaOH, if the pH is not between 4.9 and 5.1.  
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7.3 RESULTS AND DISCUSSION 
7.3.1 Characteristics of raw materials 
The relative grain sizes present in the four biosolids samples and brick soil are shown in Fig. 7.5 and 
Table 7.1. The sand-sized particles (0.075 – 2.36 mm) of all the biosolids samples was higher than 
that of the brick soil whereas the brick soil had higher clay-sized particles (<0.002 mm) and silt-sized 
particles (0.002-0.075 mm) compared to those of the biosolids samples. The WTP10 biosolids 
contained a significant portion of gravel-sized particles (>2.36mm) compared to the brick soil while all 
the ETP biosolids were free from gravel particles (AS 1289.3.6.1, 2009). Although the majority of 
biosolids particles are categorised as sand-sized particles, in reality, they could be smaller silt-sized 
particles, which have agglomerated during the long-term stockpiling of biosolids (Arulrajah et al., 
2011). 
 
Fig. 7.5  Particle types present in raw materials. 
The properties of biosolids samples and brick soil are shown in Table 7.1. The pH of the biosolids 
samples ranged between 6.61 and 7.44 whereas the brick soil had the lowest pH of 5.95. The WTP10 
sample had the highest organic content of 22.3% while the organic content of the ETP biosolids 
ranged from 6 to 14%.  
Table 7.1 Properties of the biosolids and brick soil used in the study. 
Property ETP1 ETP2 ETP3 WTP10 Brick Soil 
pH 6.61 7.75 7.44 6.72 5.95 
Initial Moisture Content (%) 29.1 45.5 41.9 12.7 16.6 
Organic Content (%) 6 10 14 23 1 
Gravel content (2.36 mm >) 0.4 - - 13.4 1.2 
Sand content (0.075 - 2.36 mm) 87.5 84.3 89.2 76.0 74.6 
Silt Content (0.002- 0.075 mm) 11.6 14.7 9.8 9.6 22.32 





















Type of brick 
Gravel Sand Silt Clay
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The chemical compositions of the four biosolids samples used in the study are shown in Fig. 7.6.  The 
major oxide components of the brick soil and all four biosolids samples consisted of SiO2, Al2O3, and 
Fe2O3 with minor contents of K2O, MgO, TiO2, and P2O5. Overall, as the oxide content of the biosolids 
was not very different from brick soil and biosolids it could be presumably easily upgraded as an 
alternative raw material for bricks. The relative mineralogical compositions of all biosolids samples and 
brick soil are shown in Table 7.2. 
 
Fig. 7.6  Chemical composition of raw materials. 
Table 7.2 Relative mineral contents of crystalline phases of biosolids samples and brick soil. Asterisks 
represent the relative concentrations (*<**<***<****). 
Mineral Stoichiometric formula ETP1 ETP2 ETP3 WTP10 
Brick 
Soil 
Quartz SiO2 **** **** **** **** **** 
Kaolinite Al4(OH)8(Si4O10) * * * * * 
Jacobsite MnFe2O4 * - - - - 
Tosudite (K,Ca)0.8Al6(SI,Al)8O20(OH)10.4H2O * - * - - 
Muscovite KAl2(AlSi3O10)(F,OH)2 - - - - ** 
Bassanite CaSO4(H2O)0.5 - - - ** - 
Hematite Fe2O3 *** - - - - 
Coalingite Mg10Fe2 + 3(CO3)(OH)20.2H2O - * - - - 
Osbornite TiN0.96 - - * - - 
TGA was performed to monitor the mass loss of the biosolids and soil samples at an elevated 
temperature. Fig. 7.7 (a, b, c) present the thermogravimetric (TG) and derivative thermogravimetric 
(DTG) curves of brick soil, three ETP biosolids samples, and WTP10, respectively. All the biosolids 
samples showed initial weight loss, between 50°C and 100°C, corresponding to the elimination of 
physically absorbed water and a significant weight loss between 200°C and 450°C compared to the 






















SiO2 Al2O3 Fe2O3 K2O MgO TiO2 P2O5 CaOSiO2 Al2O3 Fe2O3 K2O MgO TiO2 P2O5 CaO 
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all the ETP biosolids, especially ETP3 showed two peaks between 200°C and 450°C, which could be 
attributed to the combustion of volatile compounds (first peak) followed by non-volatile matter (second 
peak) in the biosolids. All the samples showed some reduction in the mass at 600°C due to the 
elimination of structural water by releasing OH (dehydroxylation reaction). In addition, the mass loss 
above 600°C could also be due to the decomposition of calcium carbonate (Scott et al., 2006). The 
WTP10 biosolids showed the highest weight loss of 18.3% above 600°C, which could be due to the 
evolution of CO2 during the decomposition of calcium carbonate. In fact, the results of chemical 
compositions of biosolids samples (Fig. 7.6) revealed that WTP10 contained a relatively high 
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Fig. 7.7 TG and DTG curves for (a) brick soil; (b) ETP biosolids; (c) WTP10 biosolids.  
7.3.2 Leachate analysis of biosolids samples and brick soil 
The brick soil, ETP1 and WTP10 were tested for different types of heavy metal according to the TCLP 
and ABLP methods, and the results are shown in Table 7.3 and Table 7.4. The concentrations of 
heavy metals were compared with the EPA Victoria guidelines for soil hazard categorisation 
thresholds (EPA Victoria, 2009a, EPA Victoria, 2009b) and US EPA hazardous waste threshold limits 
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concentrations of the biosolids are lower than the EPA Victoria category C soil hazard categorisation 
thresholds and US EPA threshold limits for biosolids. If the leaching concentrations of heavy metals in 
the ABLP extracts are lower than category C limits, they can be accepted for landfill or geotechnical 
reuse (EPA Victoria, 2009a, EPA Victoria, 2009b). If the leaching concentrations of heavy metals in 
the TCLP extracts are lower than US EPA hazardous waste thresholds, they can be classified as non-
hazardous waste (Brobst R, 1999). Both the TCLP and ABLP concentrations showed similar values 
irrespective of the particle size used in the two tests. This is mainly because more than 86% of the 
particles in WTP10 and more than 98% of the particles in ETP1 are less than 2.36mm, as shown in 
Table 7.1. 
Table 7.3 TCLP heavy metal concentrations of biosolids and brick soil ( all concentrations are in mg/L) 
Heavy Metal 







Sb Not Given  < 0.006  0.48   < 0.006  
As 5.0  < 0.009  < 0.009   < 0.009  
Ba 100  < 0.013   1.38   1.65  
Be Not Given  < 0.072   < 0.072   < 0.072  
Cd 1.0  < 0.017   < 0.017   < 0.017  
Cr 5.0  < 0.004   < 0.004   < 0.004  
Cu Not Given  4.15  8.91  < 0.02  
Pb 5.0  < 0.01  < 0.01   < 0.01  
Mo Not Given  < 0.027   2.27   < 0.027  
Ni Not Given  3.18   3.96   < 0.012  
Se 1.0  < 0.045   < 0.045   < 0.045  
Ag 5.0  < 0.003   < 0.003   < 0.003  
Zn Not Given 36.55 68.67 3.25 
Table 7.4 ABLP Heavy metal concentrations of biosolids and brick soil (all concentrations are in mg/L). 
Heavy Metal 
EPA Victoria 







Sb Not Given  < 0.006   0.47  < 0.006 
As 0.7  < 0.009   < 0.009   < 0.009  
Ba Not Given  < 0.013   1.23   2.11  
Be Not Given  < 0.072   < 0.072   < 0.07  
Cd 0.2  < 0.017   < 0.017   < 0.017  
Cr 5.0*  < 0.004**   < 0.004**   < 0.004**  
Cu 200  4.25  7.89  < 0.02  
Pb 1.0  < 0.01   < 0.01   < 0.01 
Mo Not Given  < 0.027   2.72   < 0.027  
Ni Not Given  3.03  4.18  < 0.012  
Se 1.0  < 0.045   < 0.045   < 0.045 
Ag Not Given  < 0.003   < 0.003   < 0.003  
Zn 300 34.87 74.94 3.34 
*Upper limit for Cr(VI) 
** Total Cr concentrations 
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7.3.3 TCLP and ABLP leachate analysis of fired bricks 
There has been concern regarding the heavy metal contaminants that could affect the environment 
through waste addition into fired bricks. Any possible migration of heavy metals from the waste 
amended bricks to the environment would be evaluated through their leachability. Hence, the 
concentration of heavy metals in the extract is then measured and compared with the threshold 
regulatory limits. This method has been followed by many studies (Liew et al., 2004a, Cusidó and 
Cremades, 2012). In respect of the biosolids-amended bricks, the leachate of heavy metals was 
evaluated using the TCLP and ABLP methods. Then the quality of this new product was assessed as 
the heavy metal concentrations in the extract did not exceed the US-EPA and EPA Victoria upper 
limits.  
The extraction fluids of pH = 5 and pH = 4.93 were chosen for ABLP and TCLP methods, respectively, 
for all brick samples, according to the standard procedure for these methods described in section 
7.2.5 and Fig. 7.4. The pH values of the resulting ABLP and TCLP leachates of all bricks samples 
were found to be 4.99 and 4.91, respectively. The results showed that the pH values between the 
selected extraction fluid and the resulting leachates were found to be approximately same.  
Fig. 7.8 (a, b, c, d) show the leachability of heavy metals, such as Cu, Zn, Ba, and As, from the control 
and biosolids-amended bricks for both the ABLP and TCLP methods. The maximum allowable limits of 
US-EPA (Code of Federal Regulations, 2012) and EPA Victoria (Industrial Waste Resource 
Guidelines (IWRG 631), 2009) for analysed heavy metals are tabulated in Table 7.5. The 
concentrations of Cu, Zn, Ba, and As present in the eluates fall below the US-EPA and EPA Victoria 
limits. 
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US EPA upper Limit – 500 mg/L    EPA Victoria upper limit – 300 mg/L 
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US EPA upper limit – 5 mg/L    EPA Victoria upper limit – 0.7 mg/L 
Fig. 7.8 Leachate concentrations of bricks for (a) Copper; (b) Zinc; (c) Barium; (d) Arsenic  
There was a difference in the leaching concentrations between TCLP and ABLP extracts as a result of 
the differences in the particle sizes of the crushed samples used in the two methods. It is notable that 
ETP2-25 bricks showed significantly higher ABLP leaching concentration for Cu than that of TCLP 
concentration. Moreover, the ABLP values for Ba and As were higher than those of TCLP, which could 
be due to the higher surface area of the particles used in the ABLP method. However, ABLP leaching 
concentration of Zn was found to be lower than that of the TCLP concentration.  
Table 7.5 US EPA toxicity characteristic contamination thresholds and EPA Victoria solid industrial 
waste thresholds. 
Heavy Metal 
US EPA toxicity characteristic contamination 








Sb Not Given 1.0 
As 5 0.35 
Ba 100 35 
Be Not Given 0.5 
Cd 1.0 0.1 
Cr 5.0 2.5 
Cu 100 100 
Pb 5.0 0.5 
Mo Not Given 2.5 
Ni Not Given 1.0 
Se 1.0 0.5 
Ag 5.0 5.0 
Zn Not Given 150 
a
 Code of Federal Regulations (2012) 
b
 Industrial Waste Resource Guidelines (IWRG 631) (2009) 
It can be deduced from the results shown in Fig. 7.8, Table 7.6, and Table 7.7 that all the leachate 
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Table 7.5. The results indicate that the concentrations of heavy metals present in the bricks 
incorporating 25% of biosolids samples used in this study can be categorised as non-hazardous waste 
according to the US EPA Code of Federal Regulations (2012). 
Table 7.6 TCLP leachate concentrations of biosolids-amended bricks and control brick (all 
concentrations are in mg/L) 
Heavy Metal ETP1-25 ETP2-25 ETP3-25 WTP10-25 B0 
Sb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Be < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 
Cd < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Cr < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Pb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Mo < 0.001 < 0.001 < 0.001 0.012 < 0.001 
Ni < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Se < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Ag < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Table 7.7 ABLP leachate concentrations of biosolids-amended bricks and control bricks (all 
concentrations are in mg/L). 
Heavy Metal ETP1-25 ETP2-25 ETP3-25 WTP10-25 B0 
Sb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Be < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 
Cd < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Cr < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Pb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Mo < 0.001 < 0.001 < 0.001 0.018 < 0.001 
Ni < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Se < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Ag < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
7.3.4 Comparative Leachate analysis between green bricks and fired bricks 
The variation in TCLP and ABLP concentrations of ETP1-25 and WTP10-25 bricks before and after 
firing is presented in Fig. 7.9 and Fig. 7.10. According to the results, it is notable that after the sintering 
process, the leaching behaviour of the bricks was significantly retarded. This was because the heavy 
metals present in the raw mixture were locked inside the ceramic body, which was related to the 
silicate-based physio-chemical containment mechanism, as well as fusion of the ash residues within 
the crystalline matrix during the thermal treatment of the bricks (Liew et al., 2004a). According to the 
literature, silica (SiO2) improves the formation of interconnected and compact material, which 
contributes to metal immobilisation (Coronado et al., 2015). Iron oxide can also contribute to network 
stability and forming, thus reducing the leaching. All the brick samples contained SiO2 and iron oxide 
as major oxide components, which had a positive effect on reducing the leaching capability of heavy 
metals from the fired-ceramic body.  
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Fig. 7.9  Heavy metal concentrations of (a) ETP1-25 bricks; (b) WTP10-25 bricks before and after 
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Fig. 7.10  Heavy metal concentrations of (a) ETP1-25 bricks; (b) WTP10-25 bricks before and after 
firing (ABLP method). 
The changes in the leaching concentrations of the green and fired bricks for ETP1-25 and WTP10-25 
bricks are summarised in Table 7.8 and Table 7.9, respectively. The term “% of leaching drop” 
presented in Table 7.8 and Table 7.9 is calculated by the following equation; 
% of leaching drop  
Leaching concentration of green brick   Leaching concentration of fired brick
Leaching concentration of green brick
×1   
The results showed that incorporating biosolids in fired-clay bricks significantly reduced the leaching 
capability of heavy metals. For instance, the leaching of Ni is completely hindered in fired-clay bricks 
incorporating 25% of ETP1 and WTP10 biosolids. Furthermore, more than 50% of all the tested heavy 
metals were immobilised in the ETP1-25 fired bricks compared to those measured in the ETP1-25 
green bricks. In addition, approximately more than 70% of Ba and Zn and more than 43% of Cu and 
Mo were immobilised in fired WTP10-25 bricks compared to those found in WTP10-25 green bricks.  
Table 7.8 Leaching concentrations of green and fired ETP1-25 bricks. 
Heavy 
Metal 
Percentage of leaching drop before and after firing (%) 













Ba 0.277 0.138 50.2 0.454 0.142 68.7 
Cu 0.053 0.007 86.8 0.054 0.027 50.0 
Mo 0.00137 0.00067 51.1 0.0014 0.0007 50.0 
Ni 0.04 0.0003 99.2 0.038 0.0003 99.2 
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Table 7.9 Leaching concentrations of green and fired WTP10-25 bricks. 
Heavy 
Metal 
Percentage of leaching drop before and after firing (%) 













Ba 0.229 0.066 28.8 0.469 0.119 25.4 
Cu 0.112 0.039 34.8 0.099 0.056 56.6 
Mo 0.029 0.012 41.4 0.035 0.018 51.4 
Ni 0.05 0.0003 0.6 0.053 0.0003 0.6 
Zn 0.98 0.273 27.9 1.062 0.234 22.0 
Therefore, incorporating biosolids in fired-clay bricks resulted in more efficient heavy metal 
solidification because the heavy metals are locked inside the crystalline structure at higher firing 
temperatures. Therefore, the addition of biosolids as a partial replacement material to brick soil in 
manufacturing clay bricks is not only a promising alternative approach for reducing the hazardous 
heavy metal leaching to the environment but also a viable solution to the scarcity of natural resources. 
Solid industrial waste hazard categorisation thresholds published by EPA Victoria Industrial Waste 
Resource Guidelines (IWRG 631) (2009) are related to Australian Bottle Leaching Procedure (ABLP). 
Therefore, the biosolids added bricks were tested according to the ABLP method (AS 4493.3) and the 
results were compared with the EPA Victoria solid industrial waste upper limits. It should be noted that 
the TCLP and ABLP tests for the green and fired-bricks used in this study were performed for single 
standard pH (pH = 5.0) and liquid to solid ratio (20 L/kg) values according to these standard 
procedures. However, the framework and methodologies first proposed by Kosson et al. (2002), and 
recently published by US EPA as new test methods (USEPA, 2013a, USEPA, 2013b), using different 
pH values, different liquid to solid ratios, and monolithic samples are recommended for assessing the 
leachates of heavy metals from waste amended bricks, which characterise the leaching behaviour of 
those bricks over the range of possible environmental conditions expected in various different use or 
disposal scenarios (van der Sloot and Kosson, 2012, Garrabrants et al., 2014, Kosson et al., 2014). 
Nevertheless, it can be stated that, for the biosolids samples and bricks manufactured in this study, 
biosolids-amended bricks are safe under various states of pH and liquid to solid ratio because the 
leachate concentrations of heavy metals for both the green bricks and the fired bricks are far below 
regulatory limits. 
7.3.5 Properties of Bricks 
The organic content of the raw biosolids-clay mixtures had a significant effect on the compressive 
strength and density of manufactured bricks (Ukwatta and Mohajerani, 2017b). Both the compressive 
strength and density showed decreasing trends with the increasing organic content in the raw mixture, 
as shown in Fig. 7.11. This was due to the combustion of organic matter during the sintering of bricks, 
which makes bricks with more pores, thus resulting in lightweight bricks with lower strength. 
Nevertheless, the compressive strength of all the biosolids-amended bricks was much higher than the 
minimum value of 5MPa (AS 3700, 2011, Mohajerani et al., 2016, Kadir and Mohajerani, 2011b). 
Chapter 7 Leachate Analysis of Green and Fired-Clay Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  155 
 
Fig. 7.11  Compressive strength and density of the bricks as a function of the organic content. 
The cold water absorption (Ac) and hot water absorption (Ab) values were determined, and the results 
are shown in Table 7.10. The saturation coefficient (SC) is the ratio of Ac to Ab. The water absorption 
results of biosolids-amended bricks and the control bricks were in compliance with the ASTM C62 
(2013) standard specification for building bricks. The 5 hour boiling water absorption and SC of all the 
fired bricks were below the maximum ASTM C 62 requirements for the building brick exposed to 
moderate weathering (MW). 










ETP1-25 9.8 11.0 0.88 MW 
ETP2-25 9.8 11.7 0.84 MW 
ETP3-25 9.7 11.3 0.86 MW 
WTP10-25 9.4 11.5 0.82 MW 
B0 7.5 8.5 0.88 MW 
ASTM C 62 standard specification for building brick 
Grade Maximum Ac Maximum Ab Maximum SC 
SW - 17.0 0.78 
MW - 22.0 0.88 
NW - No limit No limit 
MW – Moderate Weathering; NW – Negligible Weathering; SW – Sever Weathering 
7.4 CONCLUSION 
The leaching behaviour of heavy metals from bricks incorporated with three different biosolids 














































Organic content in raw mixture (%) 
Density Compressive Strength Min requirement for compressive Strength = 5MPa
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(WTP) in Melbourne was investigated for the green and fired bricks. Since there is no specific 
Australian guideline and regulations available to evaluate the leaching levels of waste amended 
bricks, the leaching tests were conducted according to the ABLP and TCLP methods even though 
these tests were originally designed to evaluate the leaching behaviour of solid wastes and not for 
evaluating the leaching scenario of monolithic construction materials such as bricks. In this study, 
leaching tests were performed for a single standard pH value of 5.0 and liquid to solid ratio of 20 L/kg, 
as termed in TCLP and ABLP methods. The leaching results were then compared with the available 
EPA Victoria and US EPA regulatory limits. 
The leachate results found for biosolids-amended bricks are lower than the upper limits suggested for 
solid industrial waste by EPA Victoria industrial waste resource guidelines. Furthermore, the 
concentrations of heavy metals present in the bricks incorporated with 25% of biosolids samples used 
in this study can be categorised as non-hazardous waste according to the US EPA Code of Federal 
Regulations (2012). 
The changes in the leaching concentrations of the green and fired bricks showed that incorporating 
biosolids in fired bricks significantly reduced the leaching capability of heavy metals. For example, the 
leaching of Ni is completely hindered in fired bricks incorporated with 25% of ETP and WTP biosolids. 
Furthermore, between 43-99% of heavy metals tested (As, Ag, Ba, Be, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, 
and Zn) was immobilized in the ceramic body of all fired bricks compared to the unfired green bricks. 
This suggests that the incorporation of biosolids into fired bricks is a viable alternative for inerting the 
heavy metals present in biosolids. 
The compressive strength of biosolids bricks samples were significantly higher than the minimum 
requirement of 5 MPa and varied with the percentage of organic content in the raw brick mixture. The 
addition of biosolids produced bricks with lower density, which was considered to be important in 
improving the thermal insulation properties of bricks. The water absorption results showed that all the 
biosolids amended bricks were capable of withstanding moderate weather conditions. Therefore, 
incorporation of ETP and WTP biosolids, used in this study, into fired bricks could be a sustainable 
recycling application in manufacturing bricks. 
Further study is suggested to investigate the leaching behaviour of heavy metals at different pH values 
and liquid to solid ratios, as specified by US EPA in method 1314 and method 1315, to simulate 
leaching of bricks over the range of possible environmental conditions expected in various different 
use or disposal scenarios or over the lifetime of materials subject to shifting environmental conditions. 
Furthermore, an internationally accepted guideline is suggested for the evaluation of leachates from 
construction materials containing waste materials, including fried-clay bricks. 
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 CHAPTER 8
Chapter 8 EMISSION OF GASES FROM BRICKS 
INCORPORATED WITH BIOSOLIDS 
INTRODUCTION 
The leachate analysis results presented in Chapter 7 revealed that biosolids amended bricks are 
environmentally safe in terms of the leaching of toxic heavy metals. However, another possible 
environmental impact associated with brick production is gaseous emissions to the environment 
during the brick firing process. The firing process of bricks involves the release of various types of 
emissions, such as water vapour, carbon monoxide, carbon dioxide, sulphur dioxide, ammonia, and 
chlorine. This chapter presented the study of the gas emissions during the firing process of bricks 
incorporating biosolids. This investigation primarily focused on evaluating the concentrations of five 
different gas emissions during the firing process of biosolids-amended bricks. The gases of particular 
interest in this study were SO2, CO2, NO, CO, and HCN. The results of the gas emissions from 
biosolids-amended bricks were also compared with conventional bricks with no biosolids. The 
concentrations of the gases evolved were measured at different temperatures to determine the 
average emission during the whole firing process. The calculated average concentration of each gas 
was then employed to derive the emission factors for further analysis in the life cycle assessment 
(LCA) of bricks. The methodology used to capture the gases, the results of the emission factors, and 
some of the results of the overall life cycle assessment of biosolids-amended bricks have been 
prepared for journal publication, which is presented in this chapter. 
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ABSTRACT 
This paper investigates the possible gas emissions during the firing process of clay bricks and bricks 
incorporating biosolids. In this study, three different biosolids produced at the Western Treatment 
Plant (WTP) and Eastern Treatment Plant (ETP), Melbourne, were used as an alternative to the 
conventional brick soil to produce three sets of fired bricks incorporating 25% by weight. Initially, three 
biosolids samples and brick soil were characterised by their XRF, XRD, organic content and particle 
size distribution. Green brick samples were fired in a furnace at a temperature of 1050°C for three 
hours. Five different gas emissions – SO2, CO2, NO, CO, and HCN – were measured at different 
temperatures throughout the firing process. The results indicated that all the gas emissions were 
significant with the addition of biosolids. The emission factors were developed based on the 
experimental results, which were then used in the life cycle assessment (LCA) of clay/biosolids bricks. 
The LCA cradle-to-gate results revealed that the production of bricks incorporating biosolids would 
bring significant savings in terms of the environmental impacts throughout their life cycle when 
compared to conventional clay bricks. 
Keywords: Biosolids, Gas Emissions, bricks, Life cycle assessment 
8.1 INTRODUCTION 
Bricks have been used in the construction industry as a primary construction material over a long 
period of time due to their strength, durability, and reliability. However, the firing process of bricks 
involves the release of various gaseous emissions to the atmosphere, which could be environmentally 
unsafe and cause environmental pollution. The emissions generally evolved are water vapour (H2O), 
oxygen (O2), carbon monoxide (CO), carbon dioxide (CO2), sulphur dioxide (SO2), ammonia (NH3), 
chlorine (Cl2) and fluorine (F) (Kadir and Mohajerani, 2015, Toledo et al., 2004). The concentration of 
emissions can vary depending on the type of kiln, fuel, technology and firing time used in the 
manufacturing process of bricks. Due to the rapid growth of brick production throughout the world, 
there has been serious concern concerning the environmental aspects, such as gaseous emissions 
from the brick manufacturing process, which require immediate attention (Rajarathnam et al., 2014). 
The analysis of the gases evolved from conventional bricks has been investigated previously (Weyant 
et al., 2014, Rajarathnam et al., 2014, Le and Oanh, 2010, Durand and Scott, 2005, Toledo et al., 
2004, dos Santos et al., 2003, Morgan, 1993). González et al. (2006) evaluated the fluorine, chlorine, 
and sulphur emissions originating from Andalusian ceramic factories. The results showed that the 
firing temperature, mineral and chemical composition, and type of kiln used have a significant effect on 
the sulphur, chlorine, and fluorine emissions. González et al. (2011) also studied the CO2 emissions in 
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brick factories in southern Spain and found that the main source was the carbonate content and 
organic matter present in the raw materials. González et al. (2011) recommended analysis of the raw 
materials, and unfired and fired products using a Bernard calcimeter for CO2 emissions during the 
production process of bricks. Kadir and Mohajerani (2015) carried out a study on the effect of the 
heating rate on the gas emissions of fired-clay bricks incorporating cigarette butts.  
In the last few years, incorporating different leftover materials in the manufacture of fired-clay bricks 
has become a win-win strategy from the viewpoint of sustainable development (Alonso-Santurde et 
al., 2011, Souza et al., 2011, Pérez-Villarejo et al., 2012, Mezencevova et al., 2012, Faria et al., 2012, 
Iglesias Martín et al., 2013, Bories et al., 2014, Pérez-Villarejo et al., 2015, Eliche-Quesada et al., 
2015, Martínez-Martínez et al., 2016, Eliche-Quesada and Leite-Costa, 2016, Cotes Palomino et al., 
2016). The use of different waste materials as a partial replacement material for the natural resources 
in the construction industry alleviates the disposal issues as well as provides a viable solution to the 
scarcity of virgin resources (Disfani et al., 2014b, Arulrajah et al., 2014b, Arulrajah et al., 2014c, 
Horpibulsuk et al., 2014, Arulrajah et al., 2014a, Arulrajah et al., 2013). The use of biosolids in fired-
clay bricks is an innovative approach to the sustainable utilisation of biosolids (Ukwatta et al., 2015). 
Ukwatta et al. (2015) studied the incorporation of three different ETP biosolids in fired-clay bricks with 
promising results. Nevertheless, limited discussion has been carried out in previous studies regarding 
the gaseous emissions from bricks incorporating biosolids. 
The aim of this investigation is to evaluate five different gas emissions – SO2, CO2, nitrogen oxide 
(NO), CO, and hydrogen cyanide (HCN) – from fired-clay bricks incorporating ETP and WTP biosoilds. 
The emission results are then compared with conventional bricks with no biosolids. The 
concentrations of evolved gases were measured at different temperatures to determine the average 
emission during the firing process. The calculated values were then used to derive the emission 
factors for further analysis in the life cycle assessment (LCA) of bricks. The cradle to gate LCA was 
conducted to identify, quantify, and compare the potential environmental impacts associated with 
bricks both with and without biosolids. 
8.2 MATERIALS AND METHODS 
8.2.1 Materials 
The materials used in this study were brick soil and three different biosolids samples. One biosolids 
sample was collected from stockpile No. SP 22-03/1001 at the ETP in Melbourne (Australia) and two 
biosolids samples were collected from stockpile No. SP10 and SP17-69 at the WTP in Melbourne 
(Australia). The ETP biosolids were labelled as ETP1, and the two WTP biosolids samples were 
labelled as WTP10 and WTP2, respectively (Fig. 8.1). Boral bricks Pty Ltd provided the brick soil for 
this study. 
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WTP2 Brick Soil 
Fig. 8.1 Biosolids samples and brick soil used in this study 
8.2.2 Characterization of raw materials 
Qualitative determination of the major crystalline phases of raw materials was achieved using a Bruker 
AXS D4 Endeavor wide angle X-ray diffractometer, CuKα radiation and Cu anode, at 35mA and   kV. 
All samples were scanned from 5 to 8 ° 2θ at a step size of  .  1. X-ray fluorescence (XRF) was 
used to determine the chemical composition of the raw materials using a Bruker AXS S4 Pioneer 
spectrometer. The organic content of the samples was measured according to the British Standards 
(BS 1377-3, 1990). The particle size distribution of the biosolids and soil samples was measured using 
a Malvern Mastersizer X particle size analyser for particle sizes of less than 75 µm. The particle size 
distribution of particles > 75µm was achieved by sieve analysis according to the Australian Standards 
(AS 1289.3.6.1, 1995). 
8.2.3 Preparation of brick samples  
Three different sets of biosolids-amended bricks were made incorporating 25% of biosolids by weight. 
Biosolids free bricks were also made as reference samples. The biosolids and brick soil were manually 
mixed with water, and the mixed samples were kept 24 hrs in airtight bags in order to achieve good 
homogenization. Samples were then mixed using a Hobart mechanical mixer with 15 litre capacity for 
15 minutes, and the mixtures were cured another 24hrs in airtight sealed bags. Mixtures were then 
moulded under 240 kPa of pressure into 20×20 mm cross-sections and a length of 50mm (Fig. 8.2). 
The shaped samples were air-dried for 48 hours followed by oven drying at 105°C for 24 hours. The 
oven-dried samples were fired in a tube furnace at a ramp rate of 0.7°C/min up to a maximum 
temperature of 1050°C for 3 hours. Then, the furnace was turned off, and the fired samples were 
cooled to room temperature by natural convection inside the furnace.  The fired bricks with no 
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biosolids were designated as B0 for bricks without biosolids, ETP1-25 for bricks incorporating 25% of 
ETP1 biosolids, and WTP10-25 and WTP2-25 for bricks incorporating 25% of WTP10 and WTP2 







Fig. 8.2 Green brick samples 
    
B0 ETP1-25 WTP10-25 WTP2-25 
Fig. 8.3 Fired-brick samples 
8.2.4 Gas Emissions 
8.2.4.1 Gas Measurement Technique 
Oven dried samples were fired in a Ceramic Engineering tube furnace equipped with an air supply. Air 
was supplied at a rate of 240 ml per min by a Super Silent Power V-30 air pump. Emissions during the 
firing stage of the bricks were measured by means of an Industrial Scientific iBrid Mx6 (4.30.03 
version) portable multi-gas monitor. The gas monitor was equipped with five gas sensors – CO, CO2, 
SO2, NO, and HCN.  All the sensors were calibrated by Industrial Scientific Australia Pty Ltd in 
Melbourne before testing. Electrochemical sensors were used to detect CO, SO2, HCN, and NO 
sensors, whereas an infrared sensor was used for CO2. The sensor properties are tabulated in Table 
8.1.  
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Measurement Range Measurement 
resolution 
Sensor temperature 
range Min Max 
CO Electrochemical 0 ppm 1500ppm 1.0 ppm -20°C to 55°C 
CO2 Infrared 0% 5% vol 0.01% vol -20°C to 55°C 
SO2 Electrochemical 0 ppm 150 ppm 0.1 ppm -20°C to 55°C 
NO Electrochemical 0 ppm 1000 ppm 1.0 ppm -20°C to 55°C 
HCN Electrochemical 0 ppm 30 ppm 0.1 ppm -20°C to 55°C 
The experimental setup used for the measurement of gases is shown in Fig. 8.4. The temperature of 
the collected gases was measured by an onboard temperature sensor in the iBrid gas analyser. The 
outlet of the tube furnace and gas analyser were connected by a Masterflex tube, which transfers the 
gas flow from the furnace to the gas analyser once the gas detector pump is switched on. Two 0.45µm 
syringe filters (MS CA syringe filter) were employed on either side of the Masterflex tube in order to 
prevent particulate matter and water vapour entering the internal sensor chamber of the gas analyser. 
Gas emissions were measured at the following specific temperatures: 200, 250, 350, 450, 550, 650, 
750, 850, 950, and 1050°C. Readings at individual temperatures were consistently measured starting 
from -5°C to +5°C, which generally takes 15 minutes. The average of the measured values was taken 
as the emission at that specific temperature. Emissions at lower temperatures (below 200°C) were not 
measured in order to prevent excessive water vapour entering into the internal sensors of the gas 
analyser. The gas concentrations produced by the empty furnace were also measured and subtracted 
from the brick gas concentrations. Estimation of gas concentrations and developing emission factors 
are presented in sub sections of 8.2.4.2 and 8.2.4.3, repectively. The results are presented as average 
values. 
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Fig. 8.4 Experimental setup used for emission measurement. 
8.2.4.2 Estimating concentrations of gas emissions 
A two-step process was employed for calculating the concentrations of evolved gases. In the first step, 
the average concentration of the gas emission during the firing process of the brick is calculated in 
terms of ppm. In the second step, the concentration of gas is converted from ppm to mgm
-3
, and the 
total emission during a firing circle is determined by calculating the total area under the curve of 
Air supply tube 
from pump  
Air supply inlet to the furnace 
iBrid Mx6 gas 
analyser 
45µm syringe filter at 
inlet of the analyser 
45µm syringe filter 
at outlet of the 
furnace 
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concentration of the gas versus the temperature in terms of “ppm.hr”. The average total emission is 
presented in terms of “ppm” by dividing the total gas emission by the total firing time, as shown in 
Eq.(8.1).  
Average gas emission  [ppm]  
Total gas emission (ppm.hr) 
Total firing time (hr)
   
(8.1) 
The total gas emission can then be calculated using the trapezoidal method, as shown in Eq.(8.2).  
               Total Gas Emission {(
e1
2




Where, e1 and ei are the 1
st
 emission measurement and i
th
 emission measurement in ppm, 
respectively; n is the number of measurements; and t1 and ti are the 1
st
 time value and i
th
 time value in 
hours, respectively.  
A case example of calculating the total CO gas emission for WTP10-25 bricks is given below. 
Concentrations of measured CO for WTP10-25 bricks with different temperatures are tabulated in 
Table 8.2. The total firing time is the summation of all the time values presented in Table 8.2. 
Table 8.2 Case example for CO emission from WTP10-25 bricks during firing at 0.7°C/min. 






1 200 4.33             203.38  
2 250 1.19          1,498.42  
3 350 2.38          1,497.90  
4 450 2.38             136.35  
5 550 2.38                14.76  
6 650 2.38                  5.27  
7 750 2.38                  3.04  
8 850 2.38                  0.02  
9 950 2.38                  0.15  
10 1050 2.38                  2.00  
Substituting values into Eq(8.2) from Table 8.2: 
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 7186.28 ppm.hr 
The average gas emission can then be calculated using Eq. (8.1), as shown below. 
Average gas emission  [ppm]  
7186.28(ppm.hr) 
15.  76 (hr)
 = 477. 57 ppm 
It is noted in Table 8.2, that the CO emission from WTP10-25 bricks was not significant after 650°C. 
Therefore, the time taken to reach 650°C from room temperature was taken as the total firing time, 
which gives a more reliable value for the average CO emission. 
8.2.4.3 Method of estimating emission factors 
The gas emissions during the firing process of the bricks depend on the type of kiln, fuel used, and the 
operating conditions of the kiln. Two emission factors can be derived, namely, the energy based 
emission factor (EFe) and the production-based emission factor (EFp) (Rajarathnam et al., 2014). The 
emission rate (ER), power of the furnace used, and specific energy consumption (SEC) of fired bricks 
are used as the controlling parameters when deriving the emission factors. The emission rate is 
calculated in terms of grammes per hour (g/h) and can be written as presented in Eq. (8.3): 
ER [g h]   S × s 
(8.3) 
where S and Qs represent the concentration of pollutant (mg/m
3




8.2.4.4 Energy input based emission factor (EFe) 
EFe in g/MJ can be calculated as shown in Eq. (8.4): 





where, F and EC are the fuel consumption rate (kg/h),  energy content of fuel (MJ/kg), respectively.  
The multiplication of F × EC is equivalent to the amount of energy consumed per unit time (MJ/h,). 
Since all bricks were fired using an electrical furnace, the power of the furnace can be substituted in 
terms of MJ/h instead of measuring the F and EC values individually. The power of the furnace, which  
is equal to 2.4 kW, can be converted to MJ/h as follows: 
2.4 kW = 2.4 kJ/s 
 = 2.4 × 10
-3
 × 3600 MJ/h 
 = 8.64 MJ/h 
Therefore, EFe can be modified as shown in Eq (8.5). 




8.2.4.5 Production based emission factor (EFp) 
EFp, which is emissions per kg of fired brick, can be estimated as presented in Eq. (8.6): 
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EFp   EFe ×SEC (8.6) 
where SEC is the specific energy consumption of the brick in MJ/kg. 
8.3 LIFE CYCLE ASSESSMENT (LCA) OF BRICKS 
The LCA was carried out to evaluate and identify the potential environmental impacts associated with 
manufactured bricks. The emission factors derived in this study were used for LCA modelling. The 
LCA of fired-bricks with and without biosolids was implemented according to the principles, 
frameworks, and guidelines described in the ISO 14040 standard (ISO 14040, 2006) and ISO 14044 
(ISO 14044, 2006).  
The goal of the study is to assess and compare the environmental impacts of brick production from 
conventional brick soil and from bricks incorporating 25% of ETP and WTP biosolids. The 
assessments carried out in the study were for a functional unit of 1000 fired-clay bricks. The 
characteristics and raw material requirements of the control and biosolids bricks are tabulated in Table 
8.3. The system boundary of this study includes from the extraction of the raw materials to the 
production of fired-clay bricks. The treatment process and production of biosolids, production of capital 
goods, and production of fuel were excluded from the system boundary. In this study, it was assumed 
that the transportation distance of all biosolids and brick soil from the extraction point to the brick 
manufacturing plant was 40 km.  
Table 8.3 Characteristics of the control and biosolids-amended bricks under consideration 
Characteristic B0 ETP1-25 WTP10-25 WTP2-25 
Dimensions (mm) 230×110×70 230×110×70 230×110×70 230×110×70 
Mass of fired-brick (kg) 3.76 3.60 3.22 3.06 
Brick soil requirement per brick (kg) 3.94 2.87 2.81 2.6 
Biosolids requirement per brick (kg) - 0.96 0.94 0.87 
Water requirement per brick (kg) 0.626 0.677 0.750 0.729 
The streamlined LCA approach was undertaken using SimaPro (version 8.0.5.13) software to model 
the brick production in order to compare the environmental performance of the control and biosolids-
amended bricks. The life cycle inventory primarily consisted of experimental results obtained by the 
authors, data gathered from Melbourne water, data from previous studies, and the Australian Life 
Cycle Inventory (AusLCI). Five impact categories were considered: climate change, ozone layer 
depletion, acidification, human toxicity, and water depletion, and the impact assessment was carried 
out according to the ReCiPe midpoint method impact assessment method. 
8.4 RESULTS AND DISCUSSION 
8.4.1 Characterization of raw materials 
The chemical compositions of three biosolids samples and brick soil are shown in Table 8.4. All the 
biosolids samples and brick soil contained mainly silica and alumina in similar contents and 
proportions (roughly three times more SiO2 than Al2O3). The major difference in the raw materials is 
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the higher alkaline-earth oxide content (CaO+MgO) of the WTP2 biosolids (11.59%) and WTP10 
biosolids (9.05%) when compared to the ETP1 biosolids (3.84%) and brick soil (1.46%). Brick soil 
showed higher alkaline oxide (K2O) content compared to the three biosolids. A similar iron oxide 
content can be observed from all samples, which can act as a fluxing agent with CaO during the 
sintering process of bricks, favouring the development of a liquid phase (Coronado et al., 2015).  
Table 8.4 Chemical composition of raw materials. 
Material SiO2 Al2O3 Fe2O3 K2O MgO TiO2 P2O5 CaO BaO ZrO2 MnO 
Brick Soil 63.73 19.50 7.40 5.33 1.17 1.26 1.04 0.29 0.12 0.07 0.02 
ETP1 58.41 17.50 10.55 0.98 1.10 2.37 3.63 2.74 - 0.09 0.06 
WTP10 46.91 15.90 8.60 2.82 1.35 2.15 4.75 7.70 0.14 0.08 0.09 
WTP2 41.17 13.20 7.02 1.71 1.28 2.07 6.11 10.31 0.15 0.07 0.05 
The XRD patterns of the raw materials are shown in Fig. 8.5. Both biosolids and brick soil consisted of 
Quartz as the primary crystalline phase. Kaolinite was also presented in all samples except ETP1 
biosolids. Muscovite and Bassanite were found as residues in WTP10 and WTP2, respectively, and 
traces of Jacobsite and Tosudite were found in ETP1. 
 
Fig. 8.5 XRD patterns of raw materials (Q=Quartz; K=Kaolinite; B=Bassanite; M=Muscovite; T= 
Tosudite; J=Jacobsite).  
The organic content of the brick soil was found to be 1.23%, whereas the organic content of ETP1 and 
WTP10 was 7.1% and 23.3%, respectively. The WTP2 biosolids showed the highest organic content 
of 27.8% compared to those of other raw materials. The increasing organic content in the bricks could 
contribute to the higher gaseous emissions during the firing process of bricks. 
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The particle size distribution results of the brick soil and biosolids samples are tabulated in Table 8.5. 
The WTP10 and WTP2 biosolids contained more than 10% of gravel particles, whereas the gravel 
content of ETP1 and brick soil was insignificant. All the biosolids samples and brick soil had a 
significant percentage of sand particles. In respect of the silt fraction, the brick soil had the highest 
percentage (22.3%) while WTP10 had the lowest percentage (9.6%). In addition, all the biosolids 
samples presented less than 1% of clay fraction, and the brick soil contained 1.9% of clay particles. A 
detailed description of the physical properties of ETP1 and brick soil can be found in an earlier 
publication of the authors (Ukwatta et al., 2016). 
Table 8.5 Percentage of different particles present in the raw materials. 
Particle Size (mm) Classification Brick Soil ETP1 WTP10 WTP2 
< 0.002 Clay 1.9 0.5 1.0 0.2 
0.002-0.075 Silt 22.3 11.6 9.6 15.2 
0.075-2.36 Sand 74.6 87.5 76.0 73.1 
>2.36 Gravel 1.2 0.4 13.4 11.5 
The X-ray diffractograms (Fig. 8.6) corresponding to the control bricks (B0) and brick samples with the 
25% addition of ETP and WTP biosolids (ETP1-25, WTP10-25, and WTP2-25) revealed that the 
crystalline phases captured in all brick samples are β-quartz, haematite and gehlenite. Quartz was 
identified as β-quartz, because the bricks were fired at 1050°C and then cooled to room temperature 
before conducting XRD analysis. The quartz phase transition occurs at 573°C. Quartz crystals change 
from an α structure to β crystal structure during the firing, and this inversion is reversed on cooling. 
However, the addition of 25% biosolids did not exhibit any phase transformation.  
 
Fig. 8.6 XRD patterns of fired brick samples at 1050°C (Q=Quartz; H=Haematite; G=Gehlenite). 
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8.4.2 Gas Emissions 
8.4.2.1 Estimated total and average gas emissions 
The total gas emissions – CO, CO2, NO, SO2, and HCN – for the manufactured bricks were calculated 
using the trapezoidal method as described in section 8.2.4.2. The results of the concentrations of five 
gases with the temperature for all brick samples are shown in Fig. 8.7. Small quantities of SO2 and 
HCN, medium quantities of CO and NO, and a large quantity of CO2 were observed, as shown in Fig. 
8.7. Higher concentrations of gases can occur at temperatures up to 750°C for all gases except HCN, 
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Carbon monoxide and Carbon dioxide are the most common gases, which are released during the 
firing process of bricks. The release of CO gas is due to incomplete combustion of the organic matter 
present in bricks. CO2 emissions are due to oxidation of the organic matter present in the ceramic 
body, which was dominant at 350°C for all brick samples and then started to reduce with increasing 
temperature. In addition to CO and CO2, a relatively small amount of NO was released, especially at 
200°C and from 450°C to 650°C. The emission of HCN and SO2 is less than 1ppm at any temperature 
throughout the firing process for all the brick samples. As can be seen in Fig. 8.7 (a)-(d), a large 
fraction of evolved gases was detected up to 650°C after which the concentration was found to be 
significantly low. 
Table 8.6 Average gas emissions 
Brick Label 
Average gas emissions (ppm) 
HCN SO2 NO CO CO2 
B0 0.0032 0.0142 38.69 86.67 1,667.55 
ETP1-25 0.0215 0.0309 66.46 247.96 5,036.20 
WTP10-25 0.0815 0.0419 50.37 477.57 8,491.08 
WTP2-25 0.0380 0.0475 108.64 556.37 7,375.21 
The average gas emissions tabulated in Table 8.6 were derived based on Eq. (8.1) and Eq. (8.2), as 
described in section 8.2.4.2. The obtained results indicate that the addition of biosolids into bricks 
significantly increased the gaseous emissions during the firing process. The average gas emissions of 
CO and CO2 were significantly higher in all bricks compared with HCN and SO2. The average total 
emissions were calculated according to Eq. (8.1) and the total firing time was taken as the time taken 
to reach 650°C from room temperature. This is because the concentration of emissions from bricks 
after 650°C was insignificant for all gases except HCN. Therefore, the actual firing time was taken to 
calculate the average HCN emissions from the bricks with and without biosolids because the release 
of HCN was observed throughout the firing process, as shown in Fig. 8.7(e). 
8.4.2.2 Emission Factors 
Emission factors were estimated for HCN, SO2, NO, CO, and CO2 based on the average gas 
emissions presented in Table 8.6. The energy input emission factors (EFe) and production-based 
emission factors (EFp) are summarised in Table 8.7 and Table 8.8.  The specific energy consumption 
(SEC) of manufactured bricks, which was used to calculate EFp, was experimentally determined and 
shown in Fig. 8.8. The SEC of bricks is greatly dependent on the type of biosolids present in the 
ceramic body. The organic matter content of the biosolids released its calorific power during 
combustion, which enables both a saving of energy in manufacturing and in reducing fuel use, which, 
in turn, reduces the SEC. A detailed description of determining the SEC of bricks can be found in 
Ukwatta et al. (2016).  
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Fig. 8.8 SEC of manufactured bricks. 
The EFe and EFp for HCN and SO2 were significantly lower for all bricks compared to NO, CO, and 
CO2. The estimated EFe for CO2 for the control and biosolids bricks ranged between 0.005 and 
0.0221g/MJ of energy input; the emission factor based on the mass of the brick production for four 
different bricks varied from 0.177 to 0.501 g/kg of the fired bricks. The EFe and EFp of CO were found 




 g/MJ of energy input, and 0.006 and 0.017 g/kg of fired brick, 
respectively. The estimated emission factors are highly dependent on the type of furnace/kiln and fuel 
used, rate of firing and the properties of the raw materials. 
Table 8.7 Energy input emission factors for bricks with and without biosolids. 
Brick Label 
Energy input emission factor  (g/MJ) 
HCN SO2 NO CO CO2 
B0 5.90E-09 6.22E-08 0.00008 0.00017 0.0050 
ETP1-25 3.97E-08 1.35E-07 0.00014 0.00047 0.0151 
WTP10-25 1.50E-07 1.83E-07 0.00010 0.00091 0.0255 
WTP2-25 7.00E-08 2.07E-07 0.00022 0.00106 0.0221 
Table 8.8 Production based emission factors for bricks with and without biosolids. 
Brick Label 











2.08E-07 2.19E-06 0.0028 0.006 0.177 
ETP1-25 1.23E-06 4.20E-06 0.0042 0.015 0.470 
WTP10-25 2.95E-06 3.59E-06 0.0020 0.018 0.501 
WTP2-25 1.15E-06 3.41E-06 0.0037 0.017 0.364 
The experimental results indicate that the addition of biosolids as a partial replacement material to clay 
soil increased the gaseous emissions during the firing process. However, it is of the utmost importance 
to carry out the LCA in order to identify the environmental performance of the final product during its 
life cycle. 
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8.4.3 Comparative LCA results  
In this study, the production of four different bricks was compared: (i) bricks produced from 
conventional brick soil; (ii) bricks produced incorporating 25% of ETP1 biosolids; (iii) bricks produced 
incorporating 25% of WTP10 biosolids; and (iv) bricks produced incorporating 25% of WTP2 biosolids. 
When producing biosolids amended bricks, the LCA findings indicate that the climate change impact 
can be reduced by 11% in ETP1-25 bricks compared to B0 bricks. The addition of 25% of WTP10 and 
WTP2 biosolids reduced the same impact by 28% and 40%, respectively, as shown in Fig. 8.9. This is 
mainly due to the lower energy consumption during the firing process of the biosolids-amended bricks. 
The effect of higher CO2 emissions associated with biosolids amended bricks during the firing process 
is insignificant for the climate change impact. 
In addition, the values of ozone depletion and the acidification effects of all biosolids amended bricks 
were lower compared to those for the control bricks. For instance, with respect to B0 bricks, an 
approximately 12 and 17% reduction in ozone depletion and acidification effect, respectively, were 
observed for WTP2-25 bricks. However, the ozone depletion and acidification impacts of ETP1-25 
bricks were higher than that of the control bricks. This is primarily due to the lower mass of the raw 
materials required to produce 1000 biosolids amended bricks, which, consequently, reduces the diesel 
consumption during the transportation and brick manufacturing processes, which requires diesel as an 
input fuel. However, the effect of higher NO and SO2 emissions, which are associated with biosolids 
amended bricks during the firing process, has on the acidification impact is minimum. 
A lower human toxicity impact can be achieved in producing biosolids amended bricks compared to 
B0 bricks. The human toxicity impact was reduced by 40, 45, and 50% for ETP1-25, WTP10-25, and 
WTP2-25 bricks, respectively, compared to that of B0 bricks. This is because the leaching of heavy 
metals from biosolids stockpiles is avoided as a result of the biosolids being incorporated in fired-clay 
bricks. 
The comparative water depletion impact showed that all the biosolids-amended bricks showed a 
higher impact compared to the B0 bricks (Fig. 8.9). The biosolids amended brick production is 
associated with higher damage from water depletion impact due to the higher water demand for 
shaping. The organic nature of biosolids requires a greater amount of water for shaping compared to 
that of conventional bricks. 
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Fig. 8.9 Comparison of environmental impacts between the control and biosolids-amended bricks. 
The brief summary of results presented for the LCA indicated that the incorporation of biosolids is 
beneficial when comparing the corresponding environmental impacts associated with the life cycle of 
the control bricks. Therefore, in spite of the higher gaseous emissions released during the firing 
process, biosolids amended bricks can be regarded as an environmentally beneficial construction 
material. 
8.5 CONCLUSION 
This study investigated the effect of the addition of 25% ETP and WTP biosolids into bricks on their 
gaseous emissions during the firing process. The experimental results showed that the addition of 
biosolids significantly increased the CO, CO2, and NO emissions. Moreover, the test results showed 
that the HCN and SO2 emissions from biosolids amended bricks were below 1ppm throughout the 
firing process but much higher than those found from the control bricks. The emission factors for all 
the measured gases were developed for bricks incorporating ETP and WTP biosolids. The estimated 
emission factors were used to model the LCA of bricks, which was conducted from cradle-to-gate. The 
LCA sensitivity analysis results showed that the biosolids-amended bricks have lower environmental 
impacts compared to the control bricks except for the water depletion impact. Therefore, it can be 
concluded that the use of biosolids could be a promising partial replacement material for clay in 
manufacturing fired-clay bricks and could be an encouraging recycling destination for Melbourne 
biosolids, because the new product is environmentally friendly compared to the conventional bricks 
used in this study. 
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 CHAPTER 9
Chapter 9 LIFE CYCLE ASSESSMENT (LCA) OF BRICKS 
INCORPORATED WITH BIOSOLIDS 
9.1 INTRODUCTION 
9.1.1 Overview of Life Cycle Assessment  approach 
Life Cycle Assessment (LCA) is the standard method for tracking and reporting the environmental 
impacts of a product, process or service throughout its life cycle (Simonen, 2014). Life Cycle 
Assessment can be applied for the decision-making in sustainable development in order to overcome 
resource depletion and to address environmental concerns. LCA can be defined as a methodology 
that evaluates the environmental load of the processes and products throughout their lifetime, and is 
an effective and widely accepted approach for analysing and documenting technical options and 
alternatives to minimise the potential environmental impacts of any process or production chain (Wang 
et al., 2015, Christoforou et al., 2016). According to ISO 14040 (2006), and  ISO 14044 (2006), LCA 
can be defined as the “compilation and evaluation of the inputs, outputs and the potential 
environmental impacts of a product system throughout its life cycle”.  
Depending on the way of thinking, LCA can cover a number of approaches and could be applied in 
situations where the impact over time is of great concern (Islam, 2012). Moreover, LCA tracks and 
reports the environmental impacts  associated with a product, service or process (Simonen, 2014, 
Islam, 2012), and includes the origin of the raw materials, methods of distribution and transport, 
product usage and maintenance, process waste, and the reusing, recycling, energy recovery, and 
disposal of the product (Islam, 2012). However, the results of LCA are not absolute as they are locus-
specific and therefore difficult to share across states, countries, or continents. In addition, the results 
of LCA are significantly dependent on the system limitations, assumptions, and availability of 
resources and energies (Christoforou et al., 2016).  
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The most important applications of LCA are given below (Goedkoop et al., 2013); 
1. Identification of the environmental hotspots in the life cycle of the product, and identification of 
the opportunities for improvement. 
2. Analysis of the contribution of the different life cycle stages with respect to the overall 
environmental load, with the objective of prioritising improvements in the product or process. 
3. Comparison between products for internal and external comparison, and as a basis for 
environmental product declarations. 
4. Basis for standardised metrics and the identification of the key performance indicators used in 
companies for life cycle management and decision support. 
9.1.2 Brief history of LCA 
The first discussion and practice of using LCA as an environmental management tool emerged during 
the late 1960s and early 1970s with different approaches and different names (Khasreen et al., 2009, 
Hunt et al., 1996, Cabeza et al., 2014). One of the early examples of conducting LCA was a cradle to 
grave study conducted by the Coca-Cola Company in 1969 to quantify the environmental effects of 
packaging. The main objective of conducting this study was to reduce waste generation rather than to 
identify the emissions and energy use (Hunt et al., 1996).  
Boustead and Hancock (1979) published a handbook about industrial energy analysis, which was the 
UK’s first experience of the life-cycle perspective. A guideline for LCA, which is known as the “code of 
practice” or “LCA bible”, was produced by the North American and European Society of Environmental 
Toxicology and Chemistry (SETAC) life cycle advisory groups in 1993. In addition to the SETAC 
guidelines, authors from Sweden, Finland, Denmark, and Norway published a Nordic guideline for life-
cycle assessment. Moreover, the Canadian Standards Association also released an LCA guideline in 
1994, which provides in-depth information on LCA methodology. However, the most recognised LCA 
guideline was first published by the International Standards Organization (ISO) in 1997 (Khasreen et 
al., 2009). 
9.1.3 Methodological framework of LCA 
LCA consists of four distinct analytical steps, as shown in Fig. 9.1.  The four steps are (1) goal and 
scope definition, (2) life cycle inventory analysis (LCI), (3) life-cycle impact assessment (LCIA), and (4) 
interpretation. 
9.1.3.1 Goal and scope definition 
A critical step of LCA is identifying the purpose of the study, and evaluating the questions to be 
answered. The final results of LCA are significantly affected by the goal and scope definition. 
Assumptions, such as identification of system boundary and functional unit, are defined during the 
goal and scope definition phase. Defining the goal and scope examines how the functional unit is 
used, and what procedures are followed (Islam, 2012). However, the goal and scope of the study may 
change depending on the data availability and significance of the impact, etc. The ultimate objective of 
this step is to clearly define the direction of the study.  
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According to ISO 14040 (2006), the goal of an LCA states the intended application, reasons for 
carrying out the study, and intended audience, i.e. to whom the results of the study are intended to be 
communicated. The scope of LCA includes the product system to be studied; the functions of the 
product system, or, in the case of comparative studies, the systems; the functional unit; the system 
boundary; allocation procedures; impact categories selected and methodology or impact assessment, 
and subsequent interpretation to be used; data requirements; assumptions; limitations; initial data 
quality requirements; type of critical review, and, type and format of the report required for the study.  
A systematic approach must be taken to define the functional unit as the determination of the 
functional unit is critical because it is a reference to which all inputs and outputs are related. In the 
case of LCA on bricks, many functional units can be defined (i.e. 1 kg of brick, 1 brick, one tonne of 
bricks, 1000 units of bricks, etc.). The system boundary must then be defined as it covers the key 
elements of physical systems. When setting out the system boundary, unit processes flows, and 
several life cycle stages should be considered.   
 
Fig. 9.1 Stages and applications of an LCA (ISO 14040, 2006) 
9.1.3.2 LCI analysis 
The LCI analysis is the second step of LCA; it consists of valid data collection and synthesis of the 
information concerning the physical material, energy, and mass flows, emissions to air, water, and 
land in various stages of the product life cycle (Cabeza et al., 2014, Khasreen et al., 2009). The most 
cited bottleneck of the LCA studies is the availability of valid LCI data, as the lack of data may result in 
a change in the scope and objectives of the study (Islam, 2012). However, there are little published 
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data for waste amended bricks, and no previous study has provided LCI data concerning biosolids-
amended bricks. 
The data use in LCI can be divided into three groups; namely, environmental data related to the 
processes involved in the study; system data related to the flow of raw materials, energy and products; 
and performance data related to the functional unit of the study (Weidema and Wesnæs, 1996).  In 
addition, Scientific Applications International Corporation (SAIC) (2006) have published different 
sources of data as follows: 
 Meter readings from equipment 
 Laboratory experimental data and measurements 
 Industry data reports, databases, and consultants 
 Government documents, reports, databases, and clearinghouses 
 Other publicly available databases or clearinghouses 
 Journal papers, books, and patents 
 Trade associations 
 Related and previous LCI studies 
 Equipment and process specifications 
 Engineering judgements.    
Various LCA software tools have been developed in the last few decades in different regions, such as 
ATHENA in the USA and Canada, and SimaPro and GaBi in Europe. Nonetheless, the most common 
used LCA software tool is SimaPro Life cycle inventory (LCI) databases, which is used by LCA 
software to evaluate the environmental impacts. There are a number of different LCI databases 
around the world, for example, USLCI, Ecoinvent, AusLCI, and European Life Cycle Database 
(ELCD). Some of the LCA software tools and LCI databases used in different parts of the world are 
listed in Table 9.1 and Table 9.2, respectively. 
Table 9.1 LCA software tools used in different parts of the world (Islam et al., 2015, Khasreen et al., 
2009) 
Name Country Focus 
Athena Canada 
Specially developed for buildings; Contains North American 
database 
BEES USA 
Provides way to balance the environmental and economic 
performance of building products 
GaBi Germany Generic and process-based LCA tool 
LISA Australia 
Freely available streamlined tool of Australian origin, but does not 
allow users to add new case studies 
SimaPro Netherland 
Generic LCA tool that evaluates the environmental performance 
of products and services 
LCAiT Australia Australian LCA tool that was developed for buildings 
Table 9.2 LCI databases used in different regions of the world (Islam et al., 2015, Khasreen et al., 
2009) 




Includes Over 90+ wood, steel, concrete, and structural 
products 
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USA National 
LCI 
The USA and 
North America 
Includes basic processes to build upon in LCA studies 










Generic; contains over 2500+ processes and includes 
uncertainty data and infrastructure 
IO data base Denmark 
Developed based on national economic and environmental 
statistics 
9.1.3.3 Life Cycle Impact Assessment (LCIA) 
The LCIA phase aims to understand and evaluate the magnitude and significance of the potential 
environmental impacts of a product system throughout the life cycle of the product (ISO 14040, 2006). 
The final outcome of LCIA is to evaluate the associated environmental impacts. It is notable that there 
is no single life cycle impact assessment method in Australia or other regions of the world.  
The LCA software tool SimaPro consists of a set of LCIA methods. All LCIA methods consist of three 
mandatory elements – impact category, classification, and characterization. Categorising impacts into 
different impact categories is known as classification. For instance, the impacts of emissions of 
ammonia, nitrogen oxides, nitrogen dioxide, sulphur dioxide, sulphur monoxide, and sulphur oxides 
are on the acidification impact category. Characterisation involves the characterising of each impact 
quantitatively with one unit by allowing the addition of all the impacts. For instance, the emissions that 
cause acidification are converted into SO2 equivalent (kg SO2 eq) and all of them are added to 
represent the acidification potential. The most common impact categories used in LCA on bricks are 
global warming, acidification, eutrophication, fresh water aquatic ecotoxicity, marine aquatic 
ecotoxicity, terrestrial ecotoxicity, and human toxicity (Christoforou et al., 2016, Koroneos and 
Dompros, 2007). Some of the impact categories used in the ReCiPe-midpoint methodology are 
tabulated in Table 9.3. 
Table 9.3 ReCiPe midpoint impact categories (Bories et al., 2016) 
Impact Category Unit Description 
Climate Change kg CO2 eq 
Measure global warming potential as a result of emitting 
greenhouse gases, such as CO2, CH4, N2O, CO, etc. 
Ozone depletion kg CFC 11 eq 
Depletion of stratospheric ozone layer due to emissions, such 
as CFC, HCFC, CCl4, etc 
Human toxicity kg 1,4-DB eq 
Emissions that release to soil, water, and air that are harmful to 






Air emissions of substances that cause acid rain (NOx, SO2, 
NH3, HCl, etc.) 
Terrestrial 
ecotoxicity 
kg 1,4-DB eq 
Emissions to water and air that damage and are harmful to 
living species (heavy metals, acids, etc.) 
Marine ecotoxicity kg 1,4-DB eq 
Emissions to water and air that damage and are harmful to flora 
and fauna in marine water (heavy metals, acids, etc.) 
Water depletion m
3
 Evaluates the amount of freshwater consumption 
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.year Measures the amount of urban land occupied for a certain time 
In addition, all LCIA methods have four optional elements – normalisation, grouping, weighing, and 
data quality analysis (Islam, 2012, ISO 14040, 2006, ISO 14044, 2006, Ramesh et al., 2010). 
Normalisation involves representing all the impacts on one scale. In order to present all the impacts on 
the same scale, the impacts are multiplied by normalisation factors. The ranking of the impact 
categories is known as grouping. Finally, validation of the LCIA results is the ultimate objective of data 
quality analysis (Islam, 2012). Moreover, the impact categories could be grouped according to their 
region of effect, for example, global warming has a global effect, whereas acidification has a local or 
regional effect.  
9.1.3.4 Interpretation 
The last phase of LCA is an interpretation of the results, which involves analysing the results and 
making conclusions and recommendations while explaining limitations. The final conclusion and 
recommendations are based on the findings of the LCI and LCIA. The results should be presented in a 
neutral and informative manner to identify significant issues, which help reach the final conclusions 
with recommendations. The interpreted results should be in accordance with the goal and scope of the 
study. 
9.1.4 Previous studies on LCA for bricks and other building materials 
Incorporating recycled materials or leftover materials in building materials has become of great interest 
from the viewpoint of the sustainable use of resources. Recycling of different materials has been 
considered to be a viable and promising approach, not only for reducing the waste materials in landfills 
but also for mitigating the depletion of natural virgin resources. The LCA has become an important tool 
in addressing the potential environmental impacts associated with these novel products, and the 
outcome of LCA facilitates their use as a commercial product on a larger scale. In the last few 
decades, in the construction industry, LCA has been applied to capture the potential environmental 
impacts of building materials. In this approach, all the inputs and outputs are taken into consideration 
from the extraction of raw materials to the recycling or disposal of the end product (cradle to grave).  
For instance, the life cycle of bricks includes different phases, such as raw material extraction, 
manufacturing, operation, demolition, and disposal (Fig. 9.2). 
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Fig. 9.2 Life cycle phases of a brick (Simonen, 2014) 
Ibáñez-Forés et al. (2011) conducted an LCA study of ceramic tiles (single-fired glazed stoneware) in 
order to identify the different stages that produce the highest environmental impacts, and the materials 
and process that contribute significantly to those impacts. Life cycle inventory was developed by 
taking 1m
2 
of ceramic tiles with a lifetime of 20 years as a functional unit. The life cycle of ceramic tiles 
was categorised into seven stages; namely, (1) mining the clay, (2) atomising the clay, (3) production 
of frits and glazes, (4) production of ceramic tiles, (5) distribution, (6) installation and usage, and, on 
ending their useful life, (7) treatment as construction and demolition waste. The LCA results showed 
that tile manufacturing and the atomising process made the greatest contribution to the environmental 
impact of the life cycle of ceramic tiles. This was mainly due to the higher usage of fuel and electricity 
required by the processes involved in these two stages. 
Nicoletti et al. (2002) carried out comparative LCA between ceramic and marble tiles in order to 
identify which had the lower environmental impacts and the hotspots of the two systems.  The 
functional unit of the system was 1m
2
 of flooring over a period of 40 years. The results of comparative 
LCA showed that the most important impact categories of the life cycles of the two products were 
global warming, human toxicity, and acidification. The pre-production phase of marble tiles and three 
phases of the ceramic system including the preparation, fusion of the frit, and the firing of the glazed 
body were found to be the highest burdens on their life cycles. In addition, Nicoletti et al. (2002) 
reported that energy savings could be achieved by improving the efficiency of the technology used in 
the marble production system, hence, giving a much better environmental performance.  
Knoeri et al. (2013) analysed the life cycle impacts of 12 recycled concrete mixtures with two different 
types of cement, and the results were compared with corresponding conventional concretes for three 
structural applications. Construction and demolition waste were used as a partial replacement for 
aggregates in concrete production. One cubic metre of concrete with a specific strength class was 
used as the functional unit. The impact assessment was performed using Eco indicator 99 and 
Ecological Scarcity 2006 methods. The results of LCA showed that approximately 30% of 
environmental benefits could be achieved from recycled concrete. The global warming potential 
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results were more balanced and mainly depended on the extra amount of cement needed for the 
recycled concrete. Knoeri et al. (2013) concluded that recycled concrete showed significant 
environmental benefits over conventional concrete and had similar global warming potential if 
additional cement and transport of the recycled concrete are limited. 
Kumbhar et al. (2014) attempted to quantify the environmental impacts of bricks using the cradle to 
gate approach through an LCA of every stage of brick production in traditional clamp kilns in Western 
Maharashtra, India. One thousand bricks were taken as the functional unit. LCA was carried out using 
SIMAPRO 7.3.3 with the Eco-Indicator 99 impact assessment method. The LCA results showed that 
the process of brick production was very energy intensive. Acidification was found to be the major 
environmental impact, which could be due to the usage of low-grade fuel with high sulphur content 
during the manufacturing stage. Nevertheless, the study showed that traditional brick kilns are efficient 
in coal usage in Western Maharashtra. However, there is a need to use coal with higher efficiency to 
reduce the problems of emissions, such as sulphur oxides and particulate matters. 
Koroneos and Dompros (2007) analysed the different stages of brick production as well as the energy 
and materials used in each stage in order to identify the hot spots of the life cycle that are important to 
the overall environmental impact. One tonne of a specific brick type was selected as the functional 
unit. The results of LCA indicated that the brick production process is the most energy intensive 
process. Most of the emissions to the environment are directly due to the combustion of pet coke and 
diesel, and indirectly due to the use of a lot of electricity. Acidification has been identified as the 
highest environmental impact as a result of using fuel with high sulphur content, which releases a 
large amount of SO2 and NO2 during the combustion. Koroneos and Dompros (2007) suggested that 
the use of a cleaner fuel would reduce the environmental impacts of the production process. 
Christoforou et al. (2016) focused on the cradle to gate LCA for adobe or unfired-clay brick production 
by investigating three different production scenarios: (i) manufacturing bricks by utilizing locally 
available soil and transported straw or sawdust, (ii) on-site production with transported soil, straw or 
sawdust, and (iii) factory production. The functional unit of 1kg of adobe brick was used and GaBi 
software was used to model the unfired-clay brick production. In this study CML impact assessment 
methodology was employed to evaluate the environmental impact associated with adobe brick 
production. The results of LCA confirmed that utilisation of locally available resources significantly 
reduced the environmental footprint of the adobe brick production system. The results of the embodied 
energy of adobe bricks highlighted the environmental friendliness of adobe bricks compared to other 
load bearing construction materials. 
The summary of LCA studies conducted in the recent past for different building materials is tabulated 
in Table 9.4.  
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Table 9.4 Summary of contemporary LCA studies on building materials. 




Impact Category Indicators 
Ibáñez-Forés et al. 
(2011) 
Ceramic Tiles 
1m2 of ceramic 
tile 
CML 2001 
Acidification, eutrophication, global warming, ozone layer depletion, 
photochemical oxidation, and human toxicity 





 of flooring 
tile 
Eco-Indicator 
Acidification, depletion of abiotic resources, global warming, ozone layer 
depletion, human toxicity, aquatic toxicity, nitrification, and photochemical 
oxidant creation 
Knoeri et al. (2013) Recycled Concrete 
1m
3






Acidification, climate change, eutrophication, ozone layer depletion, global 
warming, land use, deposited waste, etc. 
Kumbhar et al. 
(2014) 
Bricks 1000 bricks Eco-Indicator 99 
Acidification, carcinogens, respirable organics, respirable inorganics, 




Bricks 1 tonne of bricks Eco-Indicator 95 
Acidification, eutrophication, winter smog formation, global warming, 
summer smog formation, and solid wastes 
Gomes et al. (2012) Bricks 1m
2
 brick wall Eco-Indicator 99 
Carcinogens, respiratory organics, respiratory inorganics, climate change, 
radiation, ozone layer, ecotoxicity, acidification/eutrophication, land use, 
minerals, and fossil fuels 




1 kg of bricks CML 2001 
Global warming, photochemical oxidant creation, acidification, and human 
toxicity 





1 kg of bricks CML 2001 
Global warming, acidification, eutrophication, ozone layer depletion, abiotic 
depletion, fresh water aquatic ecotoxicity, marine aquatic ecotoxicity, 
terrestrial ecotoxicity, human toxicity, and photochemical ozone creation 
(Bories et al., 2016) 
Bricks 
incorporating bio-




 of porous 




Climate change, ozone depletion, human toxicity, photochemical oxidant 
formation, particulate matter formation, ionising radiation, change climate 
ecosystems, terrestrial acidification, freshwater eutrophication, terrestrial 
ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, agricultural land 
occupation, urban land occupation, natural land transformation, metal 
depletion, fossil depletion 
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Gomes et al. (2012) carried out comparative LCA on two ceramic bricks produced in Santa Catarina 
State, Brazil. Two brick units (brick A and brick B) with two different dimensions were used in the LCA 
study. Brick A had dimensions of 19.5cm x 17.0cm x 12.0cm, which was fired in a bottle oven, and 
sawdust was used as a fuel. In contrast, Brick B had dimensions of 23.0cm x 17.0cm x 11.8cm, which 
was fired in a tunnel kiln, and sawdust was used as the main fuel.  However, 1m
2
 of the brick wall was 
chosen as a functional unit for both brick A and brick B. LCA was carried out using SimaPro 7.2 
software. The life cycle interpretation results showed that the environmental impacts associated with 
brick production in both companies were mainly due to the firing of sawdust. In addition, the results 
showed that brick A caused greater total damage than brick B. Therefore, Gomes et al. (2012) 
suggested the use of efficient fuels in the firing process of the bricks. 
Despite the generally accepted environmental benefits of bricks incorporating leftover materials, not 
many relevant studies pointing towards the impact of their production on the environment exist 
Christoforou et al. (2016). This study offers some important insights into determining the 
environmental impacts associated with bricks incorporating ETP and WTP biosolids while aiming to fill 
the existing knowledge gap in the scientific literature on LCA studies on waste amended bricks. The 
cradle-to-gate LCA analysis is applied for bricks incorporating different percentages of biosolids, 
considering the whole process, from raw material extraction through the production phase to the 
packaging and storage. The addition of different percentages of ETP or WTP biosolids as a raw 
material to make bricks allows a comparative assessment of their effect on the environment 
performance.  
9.1.5 Uncertainty Analysis 
The existence of uncertainty and variations of input data represent a crucial drawback of the clear and 
reliable interpretation of LCA results (Blengini and Di Carlo, 2010). This uncertainty is mainly due to 
the inaccurate measurements, lack of data, and model assumptions. Variations are mainly due to the 
variability between sources and objects as a result of using different technologies, spatial variability, 
and temporal variability (Sonnemann et al., 2003). Therefore, uncertainty and variability of inventory 
data are quantified by using either statistical or expert judgement-based approaches in order to 
communicate reliable LCA results (Guo and Murphy, 2012). 
According to Weidema and Wesnæs (1996), the quality of LCI data can be evaluated through their 
reliability, uncertainty, completeness, age, and geographical area for which the data and processes 
are representative. The ‘pedigree matrix’ which was developed by Weidema and Wesnæs (1996), can 
be used to present a semi-quantitative indication of the data quality indicators, as shown in Table 9.5. 
Chapter 9 Life Cycle Assessment (LCA) of Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  190 
Table 9.5 Data quality indicators (Weidema and Wesnæs, 1996) 
Data quality indicator Description 
Reliability 
 Involves an assessment of the sources, sampling methods, and 
verification procedures of the obtained data 
Completeness 
 Includes the statistical representativeness of data, time periods 
for data collection, and number of measurements in the sample 
Temporal correlation 
 This represents the time correlation between the year of the 
obtained data and the year of study.  
 The higher the difference between the year of study and the year 
for the obtained data the lower the quality of data.  
 This is due to the development of the technology used with time, 
which changes the efficiency of the emissions and production. 
Geographical correlation 
 This explains the geographical correlation between the area of 
study and the area of data obtained. For instance, the production 




 This involves considering all the other aspects of the correlations 
other than the geographical and temporal correlations. Even 
though the obtained data is within the correct frame of desired 
age and geographical area, they may not be representative of the 
specific enterprises, processes, or materials under study.  
Therefore, it is important to obtain data from representative 
enterprises, processes or materials. 
For each dataset, the data quality indicators shown in Table 9.5 were quantitatively determined using 
a scale between 1 and 5, with 1 being better and 5 being worse. More importantly, the aforementioned 
data quality indicators could be used to revise the methods used to collect data and improve the 
quality of the collected data. In addition, these data indicators may be used to represent better and 
reliable results after combining with uncertainty estimates. 
9.2 METHODOLOGY FOR LCA ON BIOSOLIDS BRICKS 
The LCA of bricks incorporating and without biosolids was implemented according to the principles 
described in ISO 14040 (ISO 14040, 2006). The SimaPro software (Version 8.0.5.13), Australian life 
cycle inventory, and Ecoinvent 3 databases were used to model the biosolids brick production to 
determine and compare the environmental performance.  
One biosolids sample from ETP and two biosolids samples from WTP were used for the production of 
bricks. The biosolids sample from ETP stockpile number 22 was labelled as ETP1 while two biosolids 
samples from WTP stockpile number 10 and stockpile number 17-29 were labelled as WTPSP10 and 
WTP2, respectively (Table 9.6). The LCA was implemented on different types of bricks incorporating 
different percentages of ETP and WTP biosolids. Fired-clay bricks were manufactured incorporating 5, 
15, 25, 35, and 50% of ETP1 biosolids, 25% of WTPSP10 biosolids, and 25% of WTP2 biosolids. In 
addition, LCA on the control bricks with only brick soil was also conducted to compare the 
environmental impacts associated with biosolids bricks. The designated names of the bricks used in 
this study are tabulated in Table 9.6. 
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in a brick 
Percentage of 
brick soil in a 
brick 
Brick Label 
ETP1 ETP stockpile number 22 
5 95 ETP1-5 
15 85 ETP1-15 
25 75 ETP1-25 
35 65 ETP1-35 
50 50 ETP1-50 
WTPSP10 WTP stockpile number 10 25 75 WTPSP10-25 
WTP2 WTP stockpile number 17-29 25 75 WTP2-25 
Control bricks N/A 0 100 B0 
9.2.1 Goal and scope definition 
The goal of this study is to identify and compare the potential environmental impacts associated with 
the life cycle of conventional bricks and bricks incorporating ETP and WTP biosolids. In order to focus 
on a comparison of the environmental impacts associated with the development of these new bricks 
incorporating biosolids, to those associated with normal control bricks, the scope of this study is 
considered to range from the “cradle to gate”, and involves the clay and biosolids extraction, 
transportation, preparation, brick forming, drying, firing, packing and storage. 
9.2.2 Functional Unit 
The LCA was performed based on a functional unit to quantify the environmental performance by 
ensuring that all the inputs and outputs from the brick production were considered. The functional unit 
of 1000 units of fired bricks was used. The size of one fired-brick was chosen as 230 mm × 110 mm × 
70 mm. 
9.2.3 System Boundary 
The system boundary included all the processes from the “cradle to gate” including the extraction of 
brick soil and biosolids, transportation of raw materials, brick manufacturing, and packaging. The 
inputs used for all the life cycle phases were mainly diesel, natural gas, electricity, and water. The 
main processes within the system boundary are illustrated in Fig. 9.3. 
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Fig. 9.3 Schematic presentation of system boundary. 
9.2.4 Life Cycle Inventory 
The life cycle inventory (LCI) consists of data collection and the calculation procedures. Data 
calculation involves validation of the data collected, relating data to the unit processes, and relating 
calculated data to the functional unit (Khasreen et al., 2009). Limited availability of data is a commonly 
cited drawback of many LCA studies, and affects the development of both the LCI and life-cycle 
impact assessment (LCIA) (Ingwersen et al., 2015). Therefore, LCI is of great importance because the 
reliability of the LCA is highly dependent upon the accuracy, comprehensiveness, and completeness 
of the LCI (Christoforou et al., 2016). 
9.2.5 Data Collection 
The input and output data used for the LCA on bricks incorporating biosolids and with no biosolids, 
were collected directly from the experimental results or provided by Melbourne Water, as well as from 
the literature from previous studies (Table 9.7). 
Table 9.7 Sources of data for the LCA of bricks 
Data Point / Parameter Data Source 
Properties of biosolids and emissions from 
biosolids stockpiles  
(Majumder et al., 2014),(Majumder et al., 2015), 
(Ukwatta et al., 2015),(Ukwatta et al., 2016), and 
Melbourne water 
Raw material extraction 
(Christoforou et al., 2016) , (Koroneos and 
Dompros, 2007), and Melbourne water 
Transportation 
Melbourne Water,  (Kua and Kamath, 2014), 
AusLCI database 
Shaping  
(Ukwatta et al., 2016), AusLCI database (2015), 
and (Koroneos and Dompros, 2007) 
Drying 
(Ukwatta et al., 2015),(Ukwatta et al., 2016), 
AusLCI database, (Koroneos and Dompros, 
2007) 
Firing 
(Ukwatta et al., 2015), (Ukwatta et al., 2016), 
(Koroneos and Dompros, 2007), and AusLCI 
database, 
Packaging and Storage (Koroneos and Dompros, 2007) 
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a) Emissions from biosolids stockpiles 
The data relating to biosolids include composition, greenhouse gas emissions and leaching heavy 
metals from biosolids stockpiles. In the LCA model, it was assumed that biosolids stockpiles behave in 
the same way that a landfill does. Biosolids stockpiles could be a significant source of methane (CH4) 
and nitrous oxide (N2O) emissions (Majumder et al., 2014). Biosolids usually contain organic carbon, 
which could be converted into methane (CH4) during the natural degradation process. In addition, 
nitrous oxide (N2O) can also be emitted from biosolids stockpiles due to the nitrogen decomposition. 
Majumder & Livesley (Majumder et al., 2014) studied the effect of the age of Melbourne Water’s 
biosolids on greenhouse gas emissions and estimated the greenhouse gas emissions from biosolids 
stockpiles. Based on the results published by Majumder & Livesley (Majumder et al., 2014), the time 
required to have zero N2O and CH4 emissions were estimated and it was found that N2O and CH4 
emission from biosolids stockpiles lasts when the age of biosolids reaches to 15.5 and 17.4 years, 
respectively. The current age of ETP and WTP biosolids is 18 and 5 years, respectively. Therefore, 
the incorporation of WTP biosolids into bricks would prevent the emission of N2O and CH4 from the 
WTP stockpile for a period of 10.5 and 12.4 years, respectively.  It is noteworthy that incorporating 
ETP biosolids into bricks would not contribute to any avoided greenhouse gases as the age of ETP 
biosolids is 18 years. Biosolids are stockpiled under regulation in Victoria for 3 years and any 
improvement on the timing would have a significant greenhouse benefit.  Moreover, any CO2 emitted 
from biosolids stockpiles is classified as biogenic CO2, which is considered to contribute nothing to 
global warming, as these emissions have a biogenic origin (Majumder et al., 2014). The lifetime of the 
ETP and WTP biosolids stockpiles was taken as 50 years.  Moreover, in the LCA model, it was 
assumed that 0.5% of all contaminants in the biosolids would be leached to groundwater from both the 
ETP and WTP stockpiles. 
b) Raw material extraction 
Raw material extraction contributes a significant amount of energy as this process involves trucks and 
diggers. The energy required to extract one tonne of raw material (either brick soil or biosolids) was 
taken as 27 MJ in accordance with the findings of Christoforou et al. (2016). The average transport 
distances from the soil or biosolids extraction locations to the brick manufacturing plant are 
summarised in Table 9.8. A truck with a capacity of 28 tonne was assumed to be the mode of 
transportation. 
Table 9.8 Transportation distances used in comparative LCA study 
Transportation Stage Distance (km) 
ETP to brick manufacturing plant 133 
WTP to brick manufacturing plant 55.7 
Brick soil quarry to brick manufacturing plant 40 
c) Preparation of green bricks 
The preparation of bricks mainly involves the mixing of raw materials. The ETP and WTP biosolids 
were used as a partial replacement material for conventional brick soil. Bricks were manufactured 
incorporating five different percentages of ETP1 biosolids, namely 5, 15, 25, 35, and 50%. In addition, 
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another two sets of bricks were produced incorporating 25% of WTP10 biosolids and 25% of WTP2 
biosolids. In addition, bricks with pure conventional brick soil were also manufactured. The required 
amounts of raw materials were calculated based on the experimental results (Ukwatta and 
Mohajerani, 2016, Ukwatta et al., 2015, Ukwatta et al., 2016), as shown in Table 9.9. 
 Table 9.9 Raw materials requirement for 1000 fired-clay bricks incorporating and without biosolids. 
Raw material 
Type of Brick 




Brick Soil (kg) 3,941.59 3,746.14 3,289.86 2,870.18 2,506.82 1,907.51 2,814.00 2,604.06 
ETP1 biosolids (kg) - 197.17 580.56 956.73 1,349.82 1,907.51 - - 
WTP10 biosolids (kg) - - - - - - 938.00 - 
WTP2 biosolids (kg) - - - - - - - 868.02 
Water (kg) 625.85 640.32 656.35 676.53 709.55 743.10 750.40 729.14 
d) Shaping, drying and firing of bricks 
The shaping process includes the mixing of raw materials after being crushed to reduce the size of the 
particles, adding the required amount of water followed by kneading, and shaping of the bricks. The 
energy required and emissions for each process can be found in Koroneos and Dompros (2007). The 
experiments conducted by the authors revealed that the incorporation of biosolids into bricks 
significantly reduces the energy requirement during the firing process (Ukwatta et al., 2016). The 
percentage of energy that could be saved compared to conventional bricks during the firing stage of 
biosolids-amended bricks is summarised in Table 9.10.  
Table 9.10 Percentage of energy savings for biosolids-amended bricks with respect to the control 
bricks (Ukwatta et al., 2016) 
Brick Label 
% of energy savings with respect 








The total energy required for the firing of biosolids-amended bricks was estimated using the 
percentage of energy savings (Ei), as presented in Table 9.10, and the energy required for the firing of 
the control bricks (EB0), as shown in Eq (9.1) 




The terms EB0 and Ei refer to the energy required for the firing of the control bricks and the energy 
required for the firing of the biosolids-amended bricks, respectively. The term ESi refers to the 
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percentage of energy savings for the biosolids-amended bricks compared to the control bricks with no 
biosolids. 
e) Emission factors for biosolids-amended bricks 
Prior to comparing the environmental performance of the biosolids-amended bricks and the 
conventional bricks, a laboratory scale experimental study was carried out to evaluate the possible 
emissions from B0, ETP1-25, WTPSP10-25, and WTP2-25 bricks during the firing process. Two 
emission factors were derived, namely, the energy based emission factor (EFe) and the production-
based emission factor (EFp) (Rajarathnam et al., 2014). 
The emission rate (ER), power of the furnace used, and specific energy consumption (SEC) of the 
fired bricks are used as the controlling parameters when deriving the emission factors. 
The emission rate is calculated in terms of grammes per hour (g/h) and can be written as presented in 
Eq. (9.2) 
ER [g h]   S × s (9.2) 
where S and Qs represent the concentration of pollutants (mg/m
3




The energy input based emission factor (EFe) in g/MJ can then be calculated as shown in Eq. (9.3) 





where F and EC are the fuel consumption rate (kg/h), and energy content of fuel (kg/MJ), respectively.  
The multiplication of F × EC is equivalent to the amount of energy consumed per unit time (MJ/h,). 
Since all the bricks were fired using an electrical furnace, the power of the furnace can be substituted 
in terms of MJ/h instead of measuring the F and EC values individually.  
The production-based emission factor (EFp), which is emissions per kg of fired brick, can be estimated 
as presented in Eq. (9.4) 
EFp   EFe ×SEC (9.4) 
where, SEC is the specific energy consumption of the brick in MJ/kg. 
Based on the above equations, the production-based emission factors were then developed for CO, 
CO2, NO, HCN, and SO2 for all brick samples. The developed emission factors were incorporated in 
the LCA model and are tabulated in Table 9.11. More details of these emission factors are presented 
in Chapter 8. 
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Table 9.11 Experimentally derived emission factors for the bricks incorporating biosolids and the 
control bricks. 
Brick Label 
Production based emission factor (g per kg of fired brick) 
HCN SO2 NO CO CO2 
B0 2.08E-07 2.19E-06 0.0028 0.006 0.177 
ETP1-25 1.23E-06 4.20E-06 0.0042 0.015 0.470 
WTP10-25 2.95E-06 3.59E-06 0.0020 0.018 0.501 
WTP2-25 1.15E-06 3.41E-06 0.0037 0.017 0.364 
f) Packaging and Storage 
Packaging and storage include the transportation of the fired bricks to the packaging and storage 
section, followed by the packaging, and storing of the packaged bricks. The fuel requirement and 
associated emission inputs of this process are calculated based on the handling mass of the bricks in 
each process, which, consequently, are affected by the length of operation time and fuel consumption 
of the machinery.  
9.3 RESULTS AND DISCUSSION 
9.3.1 Comparative analysis 
A comparative analysis of the environmental impacts of seven biosolids-amended bricks and control 
bricks was undertaken for the impact categories included in the ReCipe-Midpoint methodology (PRé 
and Various authors, 2015). The results of the midpoint indicators are presented as a percentage (%). 
The value of the midpoint indicators for the control bricks was taken as 100%, while the midpoint 
indicators for the biosolids-amended bricks were calculated according to Eq (9.5). The term ‘impact’ 
mentioned in this equation refers to the results of the LCA. 







)×1  } (9.5) 
The impact category of climate change (i.e. global warming potential in terms of yr/kg CO2 
equivalents) is shown in Fig. 9.4a and Fig. 9.4b for the different ETP1 bricks and bricks incorporating 
25% ETP1, WTPSP10, and WTP2 bricks, respectively. In Fig. 9.4a, there is a clear trend of 
decreasing climate change impact with the addition of ETP1 biosolids from 5% to 50%. The reduction 
in energy consumption during the firing process of biosolids bricks are mainly contributed to the 
positive effect on climate change impact. Furthermore, these results are further attributed to the 
prevention of greenhouse gas emissions from the WTP biosolids stockpile. In addition, the WTP2-25 
bricks contributed to having the lowest impact on climate change compared to other bricks 
incorporating 25% of biosolids. This is mainly related to the lower energy consumption during the firing 
process of WTP2-25 bricks and the age of the WTP biosolids. Because the WTP biosolids avoided 
higher greenhouse gas emissions from the WTP biosolids stockpiles compared to that of the ETP 
biosolids stockpiles. 
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(a) (b) 
Fig. 9.4 Comparison of the climate change impact for the control bricks and (a) ETP1 bricks; (b) bricks 
incorporating 25% of different biosolids. 
The ozone layer depletion causes the destruction of the stratospheric ozone layer by anthropogenic 
emissions of ozone depleting substances, which is measured in terms of yr/kg Chlorofluorocarbon 
(CFC-11) equivalents. Fig. 9.5a and Fig. 9.5b compare the ozone depletion impact of ETP1 biosolids-
amended bricks and bricks with 25% of ETP1, WTPSP10, and WTP2 biosolids. The ozone depletion 
impact of biosolids-amended bricks was higher than that of the B0 bricks except for the WTP2-25 
bricks, which showed a 6% reduction. As mentioned in Table 9.8, different transport distances were 
used for ETP biosolids (133 km), WTP biosolids (55.7 km) and brick soil (40 km) in respect of the brick 
manufacturing plant location. Therefore, the ETP biosolids-amended bricks showed a relatively higher 
ozone depletion impact, which is due to the higher fuel usage for the transportation of ETP1 biosolids 





Fig. 9.5 Comparison of the ozone depletion for the control bricks and (a) ETP1 incorporated bricks; (b) 
bricks incorporating 25% of different biosolids. 
The results of the comparative analysis of the acidification potential showed that all the ETP biosolids-
amended bricks showed a higher impact than the conventional brick production. As can be seen in 
Fig. 9.6a, the addition of 5% of ETP1 biosolids showed a slight negative improvement in the 
acidification potential, whereas the addition of 50% of biosolids showed a 28% increase in the 
































































































B0 ETP1-25 WTP10-25 WTP2-25
Chapter 9 Life Cycle Assessment (LCA) of Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  198 
acidification potential compared to the B0 bricks. This could be mainly due to the higher fuel 
consumption required for the transportation of ETP biosolids and relatively higher SO2 emission during 
the firing process of ETP biosolids amended bricks compared to that of control bricks. Overall, the 
WTP2-25 bricks showed the highest environmentally favourable improvement compared to all the 
other biosolids-amended bricks with respect to acidification potential. This environmentally favourable 
effect could be mainly due to the lower diesel consumption during the material extraction process and 




Fig. 9.6 Comparison of the acidification for the control bricks and (a) ETP1 incorporated bricks; (b) 
bricks incorporating 25% of different biosolids. 
Human toxicity accounts for those emissions that are toxic to human health and are represented as 
yr/kg 1,4-dichlorobenzene (14DCB) equivalents. The most significant difference between the 
conventional bricks and the biosolids-amended bricks was for the potential contribution to human 
toxicity, for which ETP1-50 bricks resulted in a 59% reduction compared to conventional bricks. From 
the comparative results presented in Fig. 9.7a, it is apparent that the addition of ETP biosolids showed 
a positive trend for the human toxicity potential. Interestingly, the addition of 25% of WTPSP10 and 
WTP2 biosolids also showed a lower impact on the environment compared to that of B0 bricks. This 
positive correlation is mainly due to the incorporation of biosolids in bricks, which prevents the 
leaching of toxic heavy metals to the groundwater when the biosolids are sitting in stockpiles. 
  
(a) (b) 
Fig. 9.7 Comparison of the human toxicity potential for the control bricks and (a) ETP1 incorporated 
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The marine ecotoxicity potential between conventional bricks and biosolids-amended bricks showed a 
similar trend as the human toxicity potential. However, the terrestrial ecotoxicity of ETP biosolids 
amended bricks showed an opposite trend as the human toxicity potential (Fig. 9.8a & Fig. 9.8b). The 
biosolids-amended bricks showed a significant positive improvement for marine ecotoxicity and the 
ETP biosolids bricks showed a negative improvement for terrestrial ecotoxicity. This positive 
contribution of marine ecotoxicity is primarily due to the avoided leaching from the biosolids stockpiles 
as a result of incorporating biosolids in fired-clay bricks. The negative contribution of terrestrial 






Fig. 9.8 Comparison of the terrestrial ecotoxicity and marine ecotoxicity for the control bricks and (a) 
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The urban land occupation measures the amount of urban land occupied for a certain time and is 
presented as m
2
*yr. The recycling of biosolids into fired-clay bricks could significantly reduce the land 
demand for stockpiling biosolids. The comparative LCA results for urban land occupation further 
supports the idea of reducing the land demand, as shown in Fig. 9.9a and Fig. 9.9b. The addition of 
biosolids in a ceramic body has a positive effect on urban land occupation, for example, the addition of 
50% of ETP1 biosolids improved urban land occupation by 128% compared to conventional bricks. 
Moreover, the incorporation of 25% of ETP1 and WTPSP10 biosolids reduced the land occupation 
impact by 65% and 78%, respectively, whereas the relative decrease of the land occupation impact for 
WTP2-25 was found to be 81%. This is mainly due to the avoiding the use of land for biosolids 
stockpiling. The current age of ETP and WTP biosolids is 18 and 5 years, respectively and the lifetime 
of the ETP and WTP biosolids stockpiles was taken as 50 years. Therefore, the incorporation of ETP 
and WTP biosolids into bricks would prevent the land use for stockpiling of biosolids a period of 32 
and 45 years, respectively. In addition, urban land occupation is also related to the electricity 
generation due to land occupied by transmission lines and hydro schemes. The lower electricity 




Fig. 9.9 Comparison of the urban land occupation for control bricks and (a) ETP1 incorporated bricks; 
(b) bricks incorporating 25% of different biosolids. 
The water depletion evaluates the amount of freshwater consumption, and the unit of measurement is 
m
3
. Water is mainly used during the shaping process of bricks. The amount of water used is 
significantly dependent on the type of brick, as shown in Table 9.9. The comparative LCA results for 
water depletion are shown in Fig. 9.10a and Fig. 9.10b. These figures reveal that there is a gradual 
increase in water demand as higher percentages of biosolids are incorporated into the bricks. The 
organic nature of biosolids increases the water demand to achieve adequate plasticity of the biosolids-
soil mixture to enable shaping of the bricks, which, consequently, increases the water depletion 
impact. The use of a higher water content in ETP1-50 bricks leads to a 31% increase in the water 
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(a) (b) 
Fig. 9.10 Comparison of the water depletion for the control bricks and (a) ETP1 incorporated bricks; 
(b) bricks incorporating 25% of different biosolids. 
9.3.2 Comparative analysis of the embodied energy of bricks 
The embodied energy of the bricks incorporating biosolids and the control bricks used in this study 
was compared. The cumulative energy demand method was used to determine the embodied energy. 
The embodied energy of the bricks constitutes the total energy expenditure for manufacturing bricks 
including that expended for raw material extraction and the associated transportation.   
  
(a) (b) 
Fig. 9.11 Variation in embodied energy with respect to the control bricks for (a) ETP1 incorporated 
bricks; (b) bricks incorporating 25% of different biosolids. 
As indicated in Fig. 9.11a, the embodied energy of the ETP1 bricks reduced from 1% to 14% when 
incorporating 5% to 50% of ETP1 biosolids compared to that of the control bricks. In particular, by 
comparing WTP2-25 bricks and B0 bricks, a decrease of approximately 25% is noted. For WTPSP10-
25 bricks, the reduction in embodied energy is about 17% compared to the B0 bricks. The results 
prove the environmental friendliness of biosolids-amended bricks and justify their usage as a 
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9.3.3 Sensitivity Analysis 
Sensitivity analysis was carried out to estimate the effect of changing the ETP, WTP10, and WTP2 
transport distances on the overall environmental impacts of manufactured bricks. Transport distances 
of 40, 50, 75, 100, 125, and 150km were used for transporting the biosolids from the stockpiles to the 
location of the brick manufacturing plant to conduct the sensitivity analysis while using a constant brick 
soil transport distance of 40km. The comparative sensitivity analysis results for ozone depletion, 
acidification, and water depletion are shown in Fig. 9.12, Fig. 9.13, and Fig. 9.14, respectively. 
As can be seen in Fig. 9.12, biosolids-amended bricks are environmentally favourable compared to B0 
bricks at lower transport distances in terms of the ozone depletion impact. When the biosolids 
transport distance exceeds 50km, the ozone depletion impact of the ETP1-25 bricks increases 
compared to the B0 bricks.  The results of acidification are lower for the biosolids-amended bricks at 
lower biosolids transport distances, and the acidification impact increases with an increase in the 
transport distances. However, biosolids bricks show a favourable acidification impact compared to B0 
bricks up to a transportation distance of 75 km. 
 
Fig. 9.12 Comparative sensitivity analysis for ozone depletion impact 






































Different transport distances from biosolids stockpiles to brick manufacturing plant (km) 
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Fig. 9.13 Comparative sensitivity analysis for acidification impact 
All the bricks incorporating 25% of biosolids show a higher water depletion impact even for the same 
transport distance of 40km. This is due to the higher demand of water for the shaping process of 
biosolids-amended bricks. The relative impact of water depletion increases with the higher biosolids 
transport distance compared to the B0 bricks, which suggests that shorter biosolids transport 
distances result in a lower water depletion impact. 
 
Fig. 9.14 Comparative sensitivity analysis for water depletion impact 
9.3.4 Comparative uncertainty analysis 
The evaluation of the input data uncertainty was determined to address the overall quality of the data. 
The estimation of uncertainty was carried out using the pedigree matrix, as described in Weidema and 
Wesnæs (1996). The qualitative assessment of basic uncertainty and uncertainties with respect to 
reliability, completeness, age, geography, and technology of a data point is transformed by means of a 
pedigree matrix into a square of standard deviation (σ
2
). A lognormal distribution is then generated 
based on the calculated σ
2
 for each data point. Taking correlation into consideration, the overall 





































Different transport distances from biosolids stockpiles to brick manufacturing plant (km) 
B0 ETP1-25 WTP10-25 WTP2-25
































Different transport distances from biosolids stockpiles to brick manufacturing plant (km) 
B0 ETP1-25 WTP10-25 WTP2-25
Chapter 9 Life Cycle Assessment (LCA) of Bricks Incorporated with Biosolids 
Aruna Ukwatta – PhD Thesis  204 
uncertainty of each system is compared by employing the Monte-Carlo simulation, which is run with 
10,000 cycles (Blengini and Di Carlo, 2010, Edwards et al., 2017).  
The results of the Monte-Carlo simulation at the 95% confidence level to compare the uncertainties 
between (i) Control brick and ETP1-5, (ii) ETP1-25 and WTP10-25, and (iii) WTP10-25 and WTP2-25 
are illustrated in Fig. 9.15a, Fig. 9.15b, and Fig. 9.15c, respectively. 
 
 









A = B0 brick ; B = ETP1-5 brick 
A >= B A < B
(a) 









A = ETP1-25 brick ; B = WTP10-25 brick 
A >= B A < B
(b) 
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Fig. 9.15 Monte-Carlo simulation results of the comparative LCIA for (a) B0 and WTP1-5; (b) ETP1-25 
and WTP10-25; (c) WTP10-25 and WTP2-25 
As illustrated in Fig. 9.15a, the uncertainty analysis of the LCIA reveal that there is an almost 100% 
probability that the ETP1-5 brick delivers environmentally friendly cradle-to-gate LCIA results for the 
impact indicators – climate change, human, human toxicity, terrestrial ecotoxicity, marine ecotoxicity, 
and urban land occupation. However, the B0 bricks deliver environmental friendly cradle-to-gate LCIA 
results for impact categories – ozone depletion and water depletion. Moreover, the uncertainty results 
show that there is a 90% probability that the ETP1-5 bricks incur higher acidification impact than the 
B0 bricks. The uncertainty results between the ETP1-25 bricks and WTP10-25 bricks show that the 
WTP10-25 bricks are environmentally superior to the ETP1-25 bricks except for the urban land 
occupation impact (Fig. 9.15b). The uncertainty analysis reveals that there is a 55% probability that 
the WTP10-25 bricks would offer a more environmentally friendly choice in terms of the urban land 
occupation impact compared to the ETP1-25 bricks. 
The comparison between the WTP10-25 and WTP2-25 bricks reveals that the WTP10-25 bricks 
generate a greater impact than the WTP2-25 bricks in terms of ozone depletion, acidification, and 
water depletion. The WTP10-25 bricks show a 100% probability of higher impacts for climate change 
and water depletion, and a 96% chance of higher acidification than that of the WTP2-25 bricks. In 
addition, the WTP2-25 bricks show more than a 75% likelihood of delivering higher human toxicity, 
terrestrial ecotoxicity, marine ecotoxicity, and urban land occupation impact compared to the WTP10-
25 bricks. Interestingly, no clear statement could be given for the climate change impact, in which the 
WTP2-25 bricks show a 47% probability of higher climate impact than that for the WTPSP10-25 bricks. 
Therefore, as far as the climate change impact is concerned, the WTP2-25 bricks can be considered 
as an environmentally friendly choice over the WTP10-25 bricks. 
9.4 CONCLUSION 
The cradle-to-gate LCA by means of ReCeipe mid-point methodology using SimaPro 8.0.5.13 
software allows analysis of the environmental impacts associated with the production of bricks with 









A = WTP10-25 brick ; B = WTP2-25 brick 
A >= B A < B
(c) 
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and without biosolids. The results of the comparative LCA and the embodied energy of the bricks and 
bricks incorporating biosolids were presented. This comparative LCA study considered different types 
of bricks, such as bricks incorporating 5, 15, 25, 35, and 50% of ETP1 biosolids, bricks incorporating 
25% of WTPSP10 and WTP2 biosolids. Data were gathered to model the LCA on bricks that mainly 
consisted of experimental results, data gathered from Melbourne Water and previous studies. The 
main findings of this study are: 
1. Incorporation of biosolids into bricks significantly reduced the environmental impacts 
compared to the control bricks except for the acidification, ozone depletion, terrestrial 
ecotoxicity, and water depletion impacts.  
2. The possible energy savings during the firing process of biosolids-amended bricks, and the 
prevention of leaching and other emissions from biosolids stockpiles were positively affected, 
and, hence, the environmental overburden of biosolids-amended bricks was lower. 
3. Bricks incorporating ETP biosolids showed significantly higher acidification, ozone depletion, 
and terrestrial ecotoxicity impacts compared to other biosolids-amended bricks and the control 
bricks. This is because of the higher transport distance of the ETP biosolids. 
4. In addition, the addition of biosolids into the fired-clay body reduced the embodied energy of 
the bricks compared to that found for conventional bricks.  
5. The sensitivity analysis results showed that better environmental performance could be 
achieved by WTP biosolids-amended bricks compared to ETP biosolids bricks, particularly in 
terms of ozone depletion and acidification impacts, compared to the control bricks, at lower 
transport distances. 
6. The uncertainty analysis of the LCA revealed that there was an almost 100% probability that 
the ETP1-5 bricks delivered environmentally friendly performance except for ozone depletion 
and water depletion compared to the control bricks. The comparative uncertainty analysis 
between WTP10-25 and WTP2-25 bricks revealed that there was a higher probability that the 
WTP10-25 bricks had a greater environmental impact than WTP2-25 in terms of ozone 
depletion, acidification, and water depletion. 
7. The overall results of this comparative LCA study have proven that biosolids could be used as 
a promising environmentally friendly partial replacement raw material, in particular, WTP 
biosolids, for natural brick soil for producing fired-clay bricks, at lower biosolids transport 
distances. 
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 CHAPTER 10
Chapter 10 CHARACTERIZATION OF FIRED-CLAY BRICKS 
INCORPORATING WTP BIOSOLIDS AND THE EFFECT OF 
HEATING RATE ON THE PROPERTIES OF BRICKS 
INTRODUCTION 
The physical and mechanical properties of biosolids-amended bricks, leachate analysis results, and 
overall life cycle assessment of biosolids-amended bricks presented in the previous chapters 
highlighted that biosolids are a promising alternative raw material for manufacturing fired-clay bricks. 
The added advantage of preserving the earth’s natural resources and conserving energy during the 
firing process contribute to a more sustainable environment. This chapter investigated the properties 
of biosolids-amended bricks with different heating rates, which could further contribute to a reduction 
in the energy demand for the firing process. The higher heating rates significantly reduced the firing 
time, which, consequently, reduced the energy demand for the firing process. Therefore, investigating 
the physical and mechanical properties of bricks at different heating rates would provide a better 
understanding of the use of a precise heating rate without compromising the properties of bricks. In 
addition to a change in the heating rates, a detailed investigation of bricks incorporating five different 
percentages (5, 10, 15, 20, and 25%) of WTP biosolids was also conducted. Furthermore, a new 
method was introduced to produce bricks at the laboratory scale in addition to the brick manufacturing 
method presented in the previous chapters. The testing methods and analysed results presented in 
this chapter were published in the Journal of Construction and Building Materials. The DOI of the 
published paper is https://doi.org/10.1016/j.conbuildmat.2017.03.047 
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CHARACTERIZATION OF FIRED-CLAY BRICKS INCORPORATING WTP BIOSOLIDS AND THE 
EFFECT OF HEATING RATE ON THE PROPERTIES OF BRICKS 
Aruna Ukwatta, Abbas Mohajerani 
Civil and Infrastructure Engineering, School of Engineering, RMIT University, 124, La Trobe Street, 
Melbourne, Victoria 3000, Australia 
ABSTRACT 
Biosolids are a major by-product of the wastewater treatment process. In this study, biosolids from 
Melbourne Water’s Western Treatment Plant (WTP) were used as a secondary raw material with brick 
soil in the production of fired-clay bricks. WTP biosolids and brick soil were characterised in terms of 
their mineralogical and chemical composition, as well as their geotechnical and thermal properties. 
Bricks were produced incorporating 5, 10, 15, 20, and 25% WTP biosolids by weight. Green bricks 
were fired at 1050°C for 3 hours with different heating rates of 0.7, 1.0, 1.5, and 2.0_°Cmin
-1
. The 
influence of incorporating WTP biosolids and the change in heating rate on the physical and 
mechanical properties of bricks including compressive strength, density, water absorption, and 
shrinkage were investigated. The brick properties were compared to those of conventional bricks with 
no additives. The addition of WTP biosolids produced bricks with lower compressive strength 
compared to the control bricks with no additives; for instance, the compressive strength of the 
biosolids-amended bricks fired at a heating rate of 0.7 °Cmin
-1
 ranged from 29.5 MPa to 10.5 MPa, 
while the compressive strength of the control bricks was found to be 30.5 MPa. The results of the cold 
water absorption of the control and biosolids-amended bricks showed that the addition of WTP10 
biosolids caused a gradual increase in the cold water absorption for all heating rates. In addition, the 
results indicated that bricks fired at a heating rate of 1.5°Cmin
-1
 improved the water absorption and 
compressive strength properties for all percentages of biosolids-amended bricks as well as the control 
bricks. Adopting the heating rate of 1.5°Cmin
-1
 reduced the sintering time by 47% compared to 
0.7°Cmin
-1
, which is significant in terms of energy savings. Finally, the WTP biosolids-amended bricks 
fulfilled the standard requirements, particularly in terms of compressive strength, while, at the same 
time, they offered lightweight bricks compared to the control bricks. 
Keywords: Biosolids, Bricks, Heating rate, Sustainable building materials  
10.1 INTRODUCTION 
Biosolids are produced in large quantities as a by-product of the wastewater treatment process. 
Biosolids are treated and stabilised sludge that has undergone different stabilisation processes, such 
as aerobic and anaerobic digestion, thermal drying, oxidation, disinfection, lime treatment, and thermal 
hydrolysis (Rigby et al., 2016). The production of biosolids is increasing annually as a result of the 
ever increasing water demand and wastewater generation in metropolitan areas throughout the world, 
which, consequently, is resulting in an urgent need for landfill spaces to dispose of biosolids and other 
by-products (Suksiripattanapong et al., 2015a). 
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In 2015, the total production of biosolids in Australia and New Zealand was approximately 310,000 
and 77,000 dry tonnes, respectively. In 2015, approximately 89,900 dry tonnes of biosolids were 
produced in the state of Victoria, which accounts for 29% of the total production of biosolids (ANZBP, 
2015c, ANZBP, 2015a). This is an increase of 3.3% compared to the annual Australian production of 
biosolids in 2010. In 2015/16 WTP produced 12,439 dry tonnes of biosolids, which brings the total 
estimated stores at WTP to 1,586,244 dry tonnes of biosolids. It is estimated that the annual biosolids 
production in the USA and Europe is approximately 10 million and 7.2 million dry tonnes, respectively 
(Rigby et al., 2016). 
The ever-increasing volume of biosolids throughout the world highlights the urgency of finding 
innovative routes for the recycling of biosolids. Among the various existing recycling options, 
geotechnical engineering applications and roadwork applications have been proven to be attractive 
alternative choices for recycling biosolids (Arulrajah et al., 2011, Disfani et al., 2013, Disfani et al., 
2014b, Suthagaran et al., 2007, Suthagaran et al., 2008b, Suthagaran et al., 2008a, Maghoolpilehrood 
et al., 2013, Suthagaran et al., 2013, Disfani et al., 2009c, Arulrajah et al., 2013, Disfani et al., 2009b). 
Interestingly, incorporating biosolids into fired-clay bricks has been found to be a promising alternative 
approach for the comprehensive utilisation of biosolids (Ukwatta et al., 2015).  
Bricks are presently and have been one of the most common and widely accepted building materials 
throughout the world over a long period of time. Global annual brick production is currently about 
1,391 billion and the demand for bricks is continuously increasing (Sutcu et al., 2015, Zhang, 2013). In 
Australia, clay brick production reached 1.38 billion units in 2013, an increase of 7.8% from 1.28 billion 
units in 2012. In the first quarter of 2014, clay brick production was 315,810,000 units (Ukwatta et al., 
2016). Due to a shortage of clay, brick production has been limited in some countries, such as China, 
in order to protect the environment and clay resources (Zhang, 2013). Therefore, innovative 
approaches to producing fired-clay bricks that are less dependent on virgin sources are highly 
encouraged from the perspective of protecting the natural resources and sustainable development. 
In recent years, there has been great interest in incorporating different waste materials into building 
materials, including fired-clay bricks and masonry units (Eliche-Quesada et al., 2015, Mymrin et al., 
2015, Sutcu et al., 2015, Bories et al., 2015, Benlalla et al., 2015, Velasco et al., 2015, Aouba et al., 
2016, Cusidó et al., 2015, Sena da Fonseca et al., 2015, Kadir and Mohajerani, 2015, Ukwatta et al., 
2015, Kadir and Mohajerani, 2011b, Kadir and Mohajerani, 2012, Kadir et al., 2009, Kadir and 
Mohajerani, 2008, Kadir and Mohajerani, 2011a, Mohajerani et al., 2016, Suksiripattanapong et al., 
2015b, Horpibulsuk et al., 2016, Suksiripattanapong et al., 2015c, Suksiripattanapong et al., 2015a, 
Mateo et al., 2016, Martínez-Martínez et al., 2016, Eliche-Quesada and Leite-Costa, 2016, Eliche-
Quesada et al., 2017b, Eliche-Quesada et al., 2017a, Cotes Palomino et al., 2016). These innovative 
approaches have become a win-win strategy, because, not only do they convert waste into beneficial 
products but they also alleviate the issues pertaining to their disposal. In addition, substituting leftover 
materials in manufacturing bricks is a promising solution to the scarcity of natural earth resources.  
Therefore, the utilisation of WTP biosolids in the production of fired-clay bricks could be a feasible and 
promising alternative route for recycling biosolids. The objective of this study is to evaluate the level of 
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influence by incorporating different percentages of WTP in fired-clay bricks, and the effect of the 
heating rate on the physical and mechanical properties of fired-clay bricks. Furthermore, the physical 
and chemical properties of raw materials were characterised, and a relationship between the 
compaction parameters and Atterberg limits of different biosolids-soil mixtures were obtained. In 
addition, the measured properties of biosolids-amended bricks were compared with the control bricks 
and the limits stipulated in the Australian Standards.  
10.2 MATERIALS AND METHODS 
10.2.1  Raw materials 
Biosolids were collected from stockpile No 10 at the WTP in Melbourne (Fig. 10.1a) and the collected 
biosolids sample was labelled as WTP10. The age of the WTP10 stockpile is 5 years, and the existing 




 of WTP10 was collected as shown Fig. 
10.1(b).  The brick soil was provided by Boral bricks Pty Ltd. 
  
Fig. 10.1  (a) WTP Stockpile No 10; (b) collecting about 1m
3
 of biosolids from WTP stockpile No 10 
10.2.2 Chemical and mineral composition 
The chemical composition of the WTP biosolids and brick soil was tested using the X-ray fluorescence 
method by means of a Bruker AXS S4 Pioneer Spectrometer. The mineralogy of raw materials was 
determined based on the X-ray Powder diffraction method (XRD) by means of Nickel filtered CuKα 
radiation, operating at an intensity of   kV and 35 mA. The 2θ range was from 5 to 7 ° with a step 
size of  .  1 (2θ). 
10.2.3 Thermal analysis 
Thermogravimetric analysis (TGA) was performed thereafter using the PerkinElmer Pyris 1 TGA 
apparatus. The biosolids samples were placed in platinum crucibles, and approximately 10mg of each 
sample was heated from 30°C to a maximum temperature of 850°C at a constant heating rate of 10°C 
per minute in a 20 ml per minute
 
flow of air. Both the WTP10 and brick soil were tested under the 
same conditions, including temperature range, atmosphere, and heating rate. 
(a) 
(b) 
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10.2.4 Geotechnical properties 
The particle size distribution of the raw materials was determined according to the standard method of 
analysis by sieving (AS 1289.3.6.1, 2009). The Atterberg limits (liquid limit and plastic limit) were 
determined according to the Australian Standards (AS 1289.3.1.1 2009, AS 1289.3.2.1, 2009). The 
particle density (specific gravity) of the biosolids and brick soil was determined according to AS 
1289.3.5.1 (AS 1289.3.5.1, 2006). The organic content of WTP10 and brick soil was determined 
according to BS 1377-3 (BS 1377-3, 1990) in which samples were ignited at 440°C in an electric 
furnace for 4 hrs.  
10.3 METHODS 
10.3.1 Preparation of bricks 
Bricks were manufactured incorporating five different percentages – 5, 10, 15, 20, and 25% – of 
WTP10, which were labelled as W5, W10, W15, W20, and W25, respectively. To enable a comparison 
of the properties, the bricks with no biosolids were also made and labelled as B0.  
10.3.2 Forming of bricks 
Different percentages of WTP10 biosolids were added to brick soil, and the biosolids-soil mixtures 
were manually mixed while adding the required amount of water. A series of standard Proctor 
compaction tests were carried out according to the Australian standards (AS 1289.5.1.1, 2003) for 
different biosolids-soil mixtures to determine the required optimum water content. The biosolids-soil 
mixtures were manually mixed by adding the required amount of water. The manually mixed samples 
were kept in air-tight sealed bags for 24 hours to achieve satisfactory homogenization. The 
homogenised biosolids-soil mixtures were compacted in a standard compaction mould by 39 uniformly 
distributed blows of the rammer falling freely from a height of 300mm, which was the equivalent 
compaction energy to achieve the green brick dimensions of 105mm diameter and 55mm height. The 
compacted samples were extruded using a CL20646 motorised extruder, as shown in Fig. 10.2.  
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Fig. 10.2 Extrusion of compacted brick sample using CL20646 motorised extruder 
10.3.3 Drying and firing of bricks 
The green brick samples were dried at room temperature for 48 hours followed by oven drying at 
105°C for 24 hrs. The oven dried samples were fired in a laboratory furnace at 1050°C for 3 hrs 
(Labec electric furnace with Eurotherm 3216 temperature controller), while applying different heating 
rates of 0.7, 1.0, 1.5, 2.0°C per minute to investigate the effect of the heating rate on the properties of 
the fired bricks. A schematic representation of the firing temperature with the time for different heating 
rates is shown in Fig. 10.3. As can be seen in Fig. 10.3, adopting a higher heating rate significantly 
reduced the total firing time, which is significant in terms of energy savings. The appearance of the 
bricks during the various stages of the manufacturing process is shown in Fig. 10.4. 
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Fig. 10.3 Schematic representation of the firing temperature with the time for different heating rates. 
  
B0 W5 W10 W15 W20 W25 
As-made bricks 
  
B0 W5 W10 W15 W20 W25 
After 48 hours – air dry 
  
B0 W5 W10       W15       W20     W25 
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B0 W5 W10 W15 W20 W25 
After firing 
Fig. 10.4 Appearance of bricks during different manufacturing stages 
10.3.4 Testing of fired bricks 
The initial shrinkage of brick samples was determined by measuring the dimensions of as-made and 
oven-dried brick samples, whereas the firing shrinkage of the brick samples was determined by 
measuring the dimensions of the as-fired and oven-dried brick samples, using a Vernier calliper with a 
precision of 0.01mm. The cold and hot water absorption properties were determined according to the 
AS/NZS 4456.14 (2003). The cold water absorption was determined by measuring the weight 
difference between the as-fired and the water saturated samples (immersed in cold water for 24 h). 
The cold water saturated samples were then immersed in hot water for 5 hrs to determine the hot 
water absorption, which was determined by measuring the weight difference between the as-fired and 
the hot water saturated samples. The compressive strength of the bricks was carried out according to 
AS/NZS 4456.4 (2003) using an MTS machine at a loading rate of 9 MPa per minute.  
10.4 RESULTS AND DISCUSSION 
10.4.1 Properties of raw materials 
The particle size distributions of the brick soil and biosolids samples are presented in Fig. 10.5. The 
results showed that brick soil contained 25% of fine-grained particles (<75µm) whereas WTP10 
contained 5% of fine-grained particles. The coarse fraction (>75µm) of brick soil primarily consisted of 
sand-sized particles with no sign of any gravel sized particles, while the WTP10 consisted of 7.1% of 
gravel sized particles from its coarse fraction and the balance of 92.9% presented sand-sized 
particles. The Atterberg limit tests were carried out to determine the plasticity characteristics of the raw 
materials. The  results are presented in Table 10.1, and the liquid limit of 131% was obtained for 
WTP10, which was much higher compared to the brick soil (34%), and slightly greater than the 100-
110% published by Disfani et al. (2014b), and Arulrajah et al. (2011). The plastic limit of WTP10 was 
found to be 66%, which was much higher than the brick soil (19%), and slightly lower than the 79-83% 
reported by Arulrajah et al. (2011). The WTP10 and brick soil can, therefore, be classified as poorly 
graded organic silty sand and clayey sand, respectively. 
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Fig. 10.5 Grain size distribution of brick soil and WTP10 biosolids 
The specific gravity of WTP10 obtained in this study (1.83) was significantly lower than that of brick 
soil (2.69). In addition, the results of the specific gravity presented in Table 10.1 are similar to the 
values of 1.86-1.88 published by other researchers (Disfani et al., 2013, Arulrajah et al., 2011). The 
organic content test results of WTP10 (36.21%) clearly indicate the organic nature of biosolids, which 
could cause the lower specific gravity and higher Atterberg limit values. In addition, the organic 
content of the brick soil was found to be as low as 1.23%. 
Table 10.1 Geotechnical properties of brick soil and WTP10 biosolids 
Property Unit WTP10 Brick Soil 
Liquid Limit % 131 34 
Plastic Limit % 66 19 
Plasticity Index % 65 15 
Specific Gravity - 1.83 2.69 
Organic Content % 36.21 1.23 
Percentage of coarse grained sized 
particles (>0.075mm) 
% 94.8 75.8 
 
Percentage of particles <2.36 mm 
from coarse fraction 
% 92.9 100 
 
Percentage of particles > 2.36 
mm from coarse fraction 
% 7.1 - 
Percentage of fine grained sized 
particles (<0.075mm) 
% 5.2 24.2 
D60 mm 1.2 0.45 
D30 mm 0.3 0.13 
D10 mm 0.12 0.009 
Coefficient of Curvature   Cc 
D6 
D1 
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WTP10 biosolids Brick soil
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 - 0.625 4.17 
The chemical compositions obtained by X-ray fluorescence for the WTP10 and brick soil samples are 
presented in Table 10.2. WTP10 is mainly composed of SiO2, Fe2O3, CaO, and Al2O3, whereas brick 
soil primarily consists of SiO2, Fe2O3, and Al2O3. The amount of Al2O3 is a good index to measure the 
quality of raw material used in the brick manufacturing and contributes to improving the mechanical 
resistance of bricks as it can be transformed into mullite during the vitrification process. There is a 
possibility of combining CaO with SiO2, which, consequently, increases the mechanical resistance of 
the bricks (Muñoz Velasco et al., 2014). In addition, an excessive amount of Fe2O3 leads to the 
formation of red bricks, whilst a low amount of Fe2O3 leads to light brown or yellow bricks (Dizhur et 
al., 2016). 
Table 10.2 Chemical composition of raw materials 
Oxide Brick soil WTP10 
SiO2 64.75 38.33 
Fe2O3 6.60 18.92 
CaO 0.246 14.14 
Al2O3 19.2 9.08 
SO3 - 5.69 
K2O 4.96 4.27 
TiO2 1.14 3.42 
P2O5 1.04 1.77 
ZnO 0.02 0.73 
CuO 0.01 0.47 
MgO 1.73 0.46 
BaO - 0.19 
ZrO2 0.05 0.17 
MnO 0.02 0.14 
Cr2O3 0.04 0.14 
SrO - 0.11 
NiO 0.01 0.06 
PbO - 0.08 
Rb2O 0.03 0.04 
The XRD results of the WTP10 biosolids and brick soil are shown in Fig. 10.6, which indicated that the 
brick soil contained quartz (SiO2) with the presence of Muscovite (KAl2(AlSi3O10)(F.OH)2), and 
Kaolinite (Al4(OH)8(Si4O10)). The WTP10 consisted of quartz as a major crystalline phase with traces 
of gypsum. 
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Fig. 10.6 XRD patterns of the raw materials 
The TGA and derivative thermogravimetric (DTG) curves of the brick soil and WTP10 biosolids 
showed a weight loss between 50 and 120 °C, which was mainly due to the removal of the absorbed 
water (Fig. 10.7). The weight losses observed for the brick soil between 330 and 470°C, and for the 
WTP10 between 230 and 430°C were mostly due to the decomposition and combustion of organic 
matter (Zhang et al., 2016). In addition, the mass loss observed for WTP10 between 610 and 630°C 
was mainly caused by the decomposition of carbonates. The total weight loss of the brick soil and 
WTP10 was measured at 4.3% and 30.5%, respectively. The total weight loss of WTP10 biosolids was 
less than the value of 47.5% reported by Zhang et al. (2016). 
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Fig. 10.7 TG and DTG curves correspond to (a) brick soil; (b) WTP10 biosolids 
10.4.2 Compaction characteristics and Atterberg limits of biosolids-soil mixtures 
A series of compaction tests were performed according to the standard Proctor compaction method to 
evaluate the optimum moisture content (OMC) and maximum dry density (MDD) of 0, 5, 10, 15, 20, 
and 25% of WTP10 biosolids-brick soil mixtures.  The appearance of the compacted brick soil sample 
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0% 5% 10% 
   
15% 20% 25% 
Fig. 10.8 Appearance of compacted WTP10 biosolids and brick soil mixtures 
Fig. 10.9 shows the relationship between the moisture content and the dry density of brick soil and 
various biosolids-soil mixtures. It can be observed that the MDD and OMC of the biosolids-soil 
mixtures varied significantly according to the percentage of WTP10 present in the mixture. In addition, 
the dry densities of 20% and 25% of WTP10 biosolids-soil mixtures were not sensitive to moisture 
content, while the dry densities of brick soil, 5, 10, and 15% of WTP10 biosolids-soil mixtures were 
more sensitive to moisture content. However, a decreasing trend of MDD and an increasing trend of 
OMC can be observed with the increasing percentage of WTP10 biosolids. The determined OMC 
values for the biosolids-soil mixtures were used to calculate the required amount of water for the 
manufacturing of corresponding biosolids-amended bricks.  
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The OMC and MDD of different biosolids-soil mixtures showed strong linear correlation with the 
percentage of the WTP10 present in the mixtures, as shown in Fig. 10.10. The MDD decreased by 
15.7%, and the OMC increased by 43.8% in the mixtures consisting of 25% of WTP10 compared to 
the brick soil with no additives. This suggests that the biosolids-amended bricks require a relatively 
higher quantity of water during the shaping process and, therefore, biosolids-amended bricks with low 
density would be expected compared to control bricks with no biosolids. 
 
Fig. 10.10 Variation of the MDD and OMC with the percentage of WTP10 in biosolids-soil mixtures 
The liquid limit and plastic limit of the biosolids-soil mixtures increased with the amount of biosolids. A 
robust linear correlation with R
2
 = 0.98 was found between the liquid limit and the percentage of 
WTP10, as well as the plastic limit and percentage of WTP10, as shown in Fig. 10.11. As shown in 
Fig. 10.12, a relationship was developed between the OMC with liquid limit and the plastic limit based 
on the results shown in Fig. 10.9 and Fig. 10.10.   
y = -0.01x + 1.78 
R² = 0.99 
y = 0.25x + 16.00 
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Fig. 10.11 Variation of Liquid limit and plastic limit with percentage of WTP10 
 
 
Fig. 10.12 Relationship of OMC with (a) liquid limit; (b) plastic limit of WTP10 biosolids-soil mixtures 
The OMC and liquid limit showed a stronger correlation with R
2
 = 0.98 than the correlation between 
the OMC and plastic limit, which showed an R
2
 value of 0.93. Therefore, it can be recommended that 
the liquid limit of the WTP10-soil mixture can be used to predict the OMC of the corresponding 
mixture, which could significantly save both the material and time required to conduct the standard 
Proctor compaction test. A similar correlation can be observed for the MDD with both the liquid limit 
and the plastic limit, as shown in Fig. 10.13. 
y = 0.11x + 34.00 
R² = 0.98 
y = 0.14x + 21.40 
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Fig. 10.13 Relationship of MDD with (a) liquid limit; (b) plastic limit of WTP10 biosolids-soil mixtures 
10.4.3 Properties of Bricks 
The colour of the fired bricks varied from light to dark red colour, as shown in Fig. 10.14. The colour of 
the brick is mainly governed by the mineral constituents present in the brick raw mixture, with 
haematite being identified as the foremost colouring agent.  
      
B0 W5 W10 W15 W20 W25 
Fig. 10.14 Sectional view of the control and WTP biosolids-amended bricks 
The addition of WTP10 biosolids led to the formation of dark red bricks. This is because the WTP10 
biosolids have a higher Fe2O3 content (Table 10.2) than that of the brick soil, and, therefore, 
incorporating WTP10 biosolids into bricks increases the total Fe2O3 content in the raw brick mixture. 
10.4.3.1 Initial and firing shrinkage 
Bricks show a variation in size due to shrinkage during the drying and firing processes. Initial 
shrinkage occurs during the air and oven drying process whereas firing shrinkage takes place during 
the firing process. The initial shrinkage of bricks was found to increase with the addition of biosolids, 
as shown in Fig. 10.15. As seen from Fig. 10.15, the initial height, diametric, and volumetric shrinkage 
values of control bricks with 0% WTP10 biosolids were found to be the lowest compared to the 
biosolids-amended bricks. Bricks incorporating 25% of WTP10 biosolids showed the highest height, 
diametric, and volumetric initial shrinkage values of 3.24, 3.18, and 9.3%, respectively. This is 
because the initial shrinkage characterises the disappearance of the water from the bricks during the 
drying process, and justifies the highest linear shrinkage obtained for the bricks containing 25% of 
WTP10, which contained the highest water content of 23%. Moreover, a strong correlation was found 
between the water content and the initial shrinkage of the bricks, as shown in Fig. 10.16. The heating 
rates have no effect on the initial shrinkage of the bricks as these were measured before the sintering 
process.     
y = -0.09x + 4.93 
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Fig. 10.15 Variation in the initial shrinkage of the bricks with the percentage of WTP10 biosolids 
 
Fig. 10.16 Relationship between the initial shrinkage of the bricks and the water content used in the 
shaping process 
Fig. 10.17 shows the results of the firing shrinkage for the control and biosolids-amended bricks with 
different heating rates. As seen in Fig. 10.17, the firing volumetric shrinkage of bricks increases with 
the addition of biosolids and decreases with an increase in the heating rate. When the WTP10 
biosolids content in the raw brick mixture varied from 0 to 25%, the volumetric firing shrinkage varied 
from 10% to 12%, 8.4% to 11.9%, 7.3% to 11.7%, and 6.9 to 11.6%, with respect to the heating rates 
of 0.7, 1.0, 1.5, and 2.0 °Cmin
-1
, respectively. This behaviour is mainly due to the apparent difference 
in the viscosity between the brick soil and the WTP10 biosolids, which increases the contraction of the 
ceramic body. In addition, a higher heating rate leads to a low vitrification time, which, consequently, 
y = 0.01x + 2.89 
R² = 0.99 
y = 0.03x + 2.29 
R² = 0.87 
y = 0.07x + 7.00 
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could reduce the firing shrinkage of bricks with the same raw materials. Vitrification is a process of 
forming glassy layers in the ceramic body during the firing process, which results in bonding clay 
particles together (Dizhur et al., 2016). 
 
Fig. 10.17 Firing volumetric shrinkage of brick samples at different heating rates 
10.4.3.2 Cold and Hot absorption 
The water absorption properties of bricks are key factors that affect their durability. Higher water 
absorption values cause significant volume changes that would subsequently result in cracks 
emerging in the bricks. Lower values of water absorption, however, are not desirable because 
rainwater would be quickly absorbed through the mortar joints and find its way inside the building 
rather than be partially absorbed by the bricks. Consequently, this would cause lower durability of the 
mortar joints (Kayali, 2005). Therefore, water absorption should be closely monitored, and the 
acceptable values of water absorption vary between 5% to 20%. 
The results for the cold water absorption of the control and biosolids-amended bricks showed that the 
addition of WTP10 biosolids caused a gradual increase in the cold water absorption for all heating 
rates (Fig. 10.18). In fact, W25 bricks fired at a heating rate of 0.7°Cmin
-1
, had a cold water absorption 
of 11.8%. In contrast, B0 bricks fired at 0.7°Cmin
-1
, had a cold water absorption of 6.75%, which was 
approximately 75% lower than that of the W25 bricks. This is explained by the fact that the addition of 
WTP10 biosolids produced bricks with a higher number of pores. As shown Fig. 10.19, the results for 
the hot water absorption of bricks fired at 0.7 °Cmin
-1
, remained relatively the same with values of 
7.55% and 7.74% for the WTP10 biosolids with percentages of 0% and 5%, respectively. Beyond the 
addition of 5% of WTP10, the hot water absorption increased sharply and reached a value of 14.98% 
for W25 bricks fired at 0.7 °Cmin
-1
; this corresponded to an almost two-fold increase compared to 
bricks without WTP10 biosolids.   
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Fig. 10.18 (a) & (b) Coldwater absorption of brick samples at different heating rates; (c) Coldwater 
absorption contours with respect to heating rate and WTP biosolids content 
 
Fig. 10.19 Hot water absorption of brick samples at different heating rates 
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As can be seen in Fig. 10.18 and Fig. 10.19, the firing heating rate was observed to have a minor 
effect on both the cold and hot water absorption of bricks. The water absorption values of bricks 
showed a slight decrease with an increase in the heating rate from 0.7 to 1.5 °Cmin
-1
. A progressive 
increase was then observed for both the cold and hot water absorption at a higher heating rate of 2 
°Cmin
-1
 for all bricks. The bricks fired at 1.5 °Cmin
-1 
were found to produce the lowest water absorption 
values. This could be because the lower heating rates (0.7 and 1.0 °Cmin
-1
) caused a longer sintering 
time that assisted in making closed and connected pores, which encouraged the increase in the water 
absorption values. The higher heating rate of 2 °Cmin
-1
, however, reduced the sintering time, which 
resulted in a weak structure that would yet again cause the bricks to have higher water absorption 
properties. Therefore, a heating rate of 1.5 °Cmin
-1
 would produce bricks with pores but not connected 
to each other, which, consequently, would result in the lowest cold and hot water absorption values 
compared to other heating rates. 
10.4.3.3 Dry density 
The dry density of bricks is directly related to the weight loss on ignition from the bricks during the 
sintering process. The results of the dry density of bricks at different heating rates are tabulated in 
Table 10.3. As seen in Table 10.3, the heating rate has an insignificant effect on the dry density of all 
the tested bricks. The dry densities of bricks were found to be more or less the same for each brick 
set. This could be mainly attributed to having a similar amount of organic content present in each mix, 
which, consequently, resulted in the same weight loss on ignition. This observation is further verified 
by the lower coefficient of variation values, as shown in Table 10.3. However, the addition of WTP10 
biosolids caused a steady decrease of dry density, reaching an average decline of 4.5%, 9.1%, 
12.7%, 15.6%, and 19.1% for the W5, W10, W15, W20, and W25 bricks compared to the B0 bricks, 
respectively. 














(%) 0.7 1.0 1.5 2.0 
B0 2,116.8 2,129.7 2,108.2 2,121.7 2,119.1 9.04 0.4 
W5 2,066.3 2,003.8 2,010.7 2,015.8 2,024.2 28.51 1.4 
W10 1,935.3 1,921.8 1,924.1 1,927.9 1,927.3 5.91 0.3 
W15 1,841.1 1,830.9 1,859.1 1,868.4 1,849.9 16.98 0.9 
W20 1,790.1 1,773.6 1,802.1 1,787.1 1,788.2 11.70 0.7 
W25 1,702.6 1,709.8 1,713.0 1,731.6 1,714.3 12.32 0.7 
10.4.3.4 Compressive Strength 
The compressive strength is undoubtedly the most important mechanical property of bricks. As shown 
in Fig. 10.20, the compressive strengths of control bricks were measured to be 30.5, 32.6, 34, and 
32.3 MPa with respect to heating rates of 0.7, 1.0, 1.5, and 2.0 °Cmin
-1
, respectively. The addition of 
5% of WTP10 biosolids reduced the compressive strength of bricks by 8% compared to that of the B0 
bricks. Moreover, the average decrease in compressive strength compared to the B0 bricks was 
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measured to be 43, 51, 56, 65% for the bricks incorporating 10, 15, 20, and 25% of WTP10 biosolids, 
respectively. The lowest compressive strength of bricks was obtained for the W25 bricks, which 
ranged between 10.5 and 11.8 MPa. Therefore, the addition of WTP10 biosolids should be controlled 
depending on the strength requirement. However, the compressive strength of all biosolids-amended 
bricks meets the minimum requirement of 5 MPa stipulated in the Australian Standards.  
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Fig. 10.20 (a), (b) Compressive strength of brick samples with different heating rates; (c) compressive 
strength contours with respect to heating rate and WTP biosolids content 
As can be seen in Fig. 10.20, the heating rate also has an effect on the compressive strength of 
biosolids and it can be seen that bricks fired at 1.5 °Cmin
-1
 exhibited the highest compressive strength 
for the control and biosolids-amended bricks. As presented in section 10.4.3.2, the variation in 
developing pores inside the ceramic body with different heating rates had an effect on the 
compressive strength of the manufactured bricks. It is noteworthy that the compressive strength 
results were consistent with the results observed for cold and water absorption, which were presented 
in section 10.4.3.2.  
10.5 CONCLUSION 
In this study, the biosolids from WTP in Melbourne were used as a partial replacement raw material for 
brick soil to produce fired-clay bricks. The bricks were produced by means of compaction followed by 
the extrusion. The green brick samples were fired at four different heating rates at 1050°C for three 
hours. Based on the laboratory test results, the following conclusions can be drawn. 
The addition of WTP biosolids in bricks increased both the initial and the firing shrinkage. In addition, 
both the cold and hot water absorption values increased with an increase in the percentage of 
biosolids. The dry density and compressive strength reduced with the addition of biosolids. Up to 25% 
of WTP biosolids can be used as a promising replacement raw material for brick soil in manufacturing 
fired-clay bricks, which can meet the minimum requirement of 5 MPa for compressive strength.  
(c) 
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The bricks manufactured with different heating rates showed changes in their firing shrinkage, cold 
and hot water absorption, and compressive strength properties. Based on the test results, 1.5 °Cmin
-1 
was found to be the most appropriate heating rate, which resulted in an improvement in the cold water 
absorption, hot water absorption, and compressive strength of both the WTP biosolids-amended 
bricks and the control bricks. Adopting a heating rate of 1.5 °Cmin
-1
, therefore, saves a significant 
amount of energy compared to the use of lower heating rates of 0.7 and 1.0 °Cmin
-1
, which is an 
inspiring finding as far as sustainable development is concerned. Moreover, the changes in heating 
rates were found to have an insignificant effect on the dry density of biosolids-amended bricks, which 
is mainly due to each set of bricks presenting a similar amount of organic matter.  
Based on the results obtained for the WTP biosolids used in this study, the authors recommend the 
addition of up to 25% biosolids in fired-clay bricks, as this produced quality bricks in terms of their 
physical and mechanical properties. Therefore, the use of WTP biosolids could have practical 
applications as a means of recycling and sustainable development in manufacturing bricks. 
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 CHAPTER 11
Chapter 11 CONCLUSION AND RECOMMENDATIONS 
This chapter summarises the main conclusions that can be drawn from this study that investigated the 
effect of incorporating biosolids into bricks in terms of the physical and mechanical properties, and the 
environmental performance of fired-clay bricks. In addition, recommendations for future research are 
outlined, which deliver some insights that can be employed to improve and expand the findings of this 
study.  
11.1 CONCLUSIONS 
The main objective of this study was to develop a sustainable approach that would permit the use 
biosolids with different percentages in fired-clay bricks with acceptable physical and mechanical 
properties, and to investigate the potential environmental impacts associated with biosolids-amended 
bricks by conducting leachate analysis, emission study, and, finally, overall Life Cycle Assessment. 
The bricks manufactured incorporating up to 50% of ETP and up to 25% of WTP biosolids can be 
used in different applications based on the required strength and other properties.  
11.1.1 Properties of biosolids, brick soil, and biosolids-soil mixtures 
 This study identified that the chemical composition of ETP biosolids samples and WTP biosolids 
used in this study were similar to those found in brick soil, but with different percentages. All 
samples contained Silica, Alumina, and Ferric oxide as the primary oxide components. 
 The XRD patterns of the brick soil and biosolids samples exhibited that brick soil contained 
Quartz (SiO2) as the leading crystalline phase with the presence of Muscovite 
(KAl2(AlSi3O10)(F,OH)2) and Kaolinite (Al4(OH)8(Si4O10)). All the ETP biosolids samples contained 
Quartz as the primary crystalline phase. In addition, ETP biosolids samples consisted of an 
insignificant amount of Haematite (Fe2O3) and Tosudite ((K, Ca)0.8Al6(Si,Al)8O20(OH)10.4H2O), and  
Kaolinite. The WTP biosolids contained Quartz as the primary crystalline phase, with traces of 
Muscovite, Kaolinite, Gypsum and Bassanite (CaSO40.5H2O). 
 The WTP biosolids samples used in this study had the highest organic contents, which ranged 
between 23.3 and 36.2%, whereas the brick soil had the lowest organic content of 1.2%. Also, the 
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ETP biosolids samples had organic contents ranging from 6.3 to 14.4%. The TG and DTG results 
indicated that the brick soil and biosolids showed a similar weight loss pattern compared to those 
found in the organic content test. 
 The liquid limit of the ETP biosolids used in this study ranged between 46 and 67%, whereas the 
liquid limit of WTP biosolids varied from 53 to 131%. The liquid limit and plastic limit of the WTP 
biosolids-soil mixtures increased with the amount of biosolids. A robust linear correlation with R
2
 
= 0.98 was found between the liquid limit and the percentage of WTP biosolids, as well as the 
plastic limit and percentage of WTP biosolids. The plastic limit of the ETP biosolids samples used 
in this study was found to range between 21 and 41% whereas the plastic limit of the WTP 
biosolids was as high as 66%. 
 The particle size distribution of the biosolids and brick soil samples showed that the sand-sized 
particles (0.075 - 2.36 mm) of ETP and WTP biosolids samples were higher than that of the brick 
soil whereas the brick soil had higher clay-sized particles (<0.002 mm) and silt-sized particles 
(0.002 - 0.075 mm) compared to those of the ETP and WTP biosolids samples. The WTP10 
biosolids contained a significant portion of gravel-sized particles (>2.36mm) compared to the brick 
soil while all the ETP biosolids were free from gravel particles. 
 Although the majority of biosolids particles are categorised as sand-sized particles, in reality, they 
could be smaller silt-sized particles, which have agglomerated during the long-term stockpiling of 
biosolids 
 The specific gravity of the ETP and WTP biosolids samples are lower than that of the brick soil 
samples. The specific gravity of ETP biosolids ranged from 2.43 to 2.51 whereas the WTP 
biosolids showed the lowest specific gravity, which ranged between 1.83 and 2.14. The specific 
gravity of brick soil was found to be 2.69. 
 A series of compaction tests was conducted at different percentages (0% to 100%) of the ETP 
biosolids-soil mixtures. The test results showed that the MDD and OMC of different ETP 
biosolids-soil mixtures were functions of the percentage of the ETP biosolids present in the 
mixture. The MDD and OMC varied linearly with the percentage of organic content present in the 
mixture Furthermore, a decreasing trend of MDD and an increasing trend of OMC can be 
observed with the increasing percentage of WTP biosolids. The dry densities of 20% and 25% of 
WTP biosolids-soil mixtures were not found to be sensitive to moisture content, while the dry 
densities of 5, 10, and 15% of WTP biosolids-soil mixtures were more sensitive to moisture 
content.  
11.1.2 Properties of bricks incorporating ETP and WTP biosolids 
 The three sets of brick samples manufactured during the first stage by incorporating 25% of ETP 
biosolids samples (B1, B2 and B3) were labelled as B1-25, B2-25, and B3-25, respectively. The 
control bricks with no biosolids were labelled as B0. The conclusions drawn in this section are for 
the bricks fired at a heating rate of 0.7 °Cmin
-1
.  
 The compressive strength test results indicated that the strength of the brick samples decreased 
from 36.1 MPa (B-0) to 25.9, 17.4, and 16.2 MPa for B1-25, B2-25, and B3-25, correspondingly. 
The dry density of the brick samples was reduced by 4.3% to 9.7% after modifying bricks with 
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three different biosolids and the estimated thermal conductivity of B-0, B1-25, B2-25 and B3-25 
was 1.08, 0.95, 0.86 and 0.81 Wm-1K-1, respectively. The IRA, water absorption, and weight loss 
on ignition were found to be lowest in the B1-25 bricks, as a result of having the lowest organic 
content compared to other biosolids-amended bricks.  
 In the second stage, bricks were manufactured incorporating 5, 15, 25, 35, and 50% of ETP 
biosolids and the control bricks with 0% biosolids, and were labelled as a B1-5, B1-15, B1-25, B1-
35, B1-50, and B0, respectively. The results showed that the addition of up to 50% ETP biosolids 
decreased the compressive strength of the bricks by 40%. However, the compressive strength of 
all the biosolids-amended bricks was much higher than the minimum requirement stated in the 
Australian standards for load bearing bricks (5MPa).  
 The SEM results revealed that both the intensity and size of the pores in the brick microstructure 
increased as the percentage of biosolids increased, as a result, the bricks tended to be more 
porous. 
 The results of the potential for efflorescence of the manufactured bricks showed that none of the 
bricks showed any observable efflorescence (“Nil”) except the B1-25 bricks, which showed “Slight 
efflorescence” according to the Australian standards. 
 The addition of B1 biosolids produced lightweight bricks, which was considered to be important in 
improving the thermal insulation properties of bricks. The addition of 50% biosolids reduced the 
bulk density of bricks by 7.5% with respect to the control bricks. All the IRA and water absorption 
values were within the limits cited in the standards but increased with the addition of biosolids as 
a result of increasing the apparent porosity of the bricks. The addition of biosolids caused higher 
LOI values in manufactured bricks, which was due to the elimination of organic matter and the 
decomposition of inorganic matter by means of combustion during the firing stage of the bricks.  
 The B1-50 bricks could save up to 25% of the energy required for firing, which was due to the 
calorific power of the organic matter present in the biosolids being released during the firing 
process of the bricks. 
 Bricks manufactured incorporating 5, 10, 15, 20, and 25% of WTP biosolids collected at stockpile 
number 10 (WTP10) were labelled as W5, W10, W15, W20, and W25, respectively. The results 
indicated that the addition of 5% of WTP10 biosolids reduced the compressive strength of bricks 
by 8% compared to that of the control bricks with no biosolids. Moreover, the average decrease in 
the compressive strength compared to the control bricks was measured as 43, 51, 56, 65% for 
the bricks incorporating 10, 15, 20, and 25% of WTP10 biosolids, respectively. The lowest 
compressive strength of 10.5 MPa bricks was obtained for the W25 bricks, which meets the 
minimum strength requirement of 5 MPa stipulated in the Australian Standards. 
 The addition of WTP10 biosolids caused a steady decrease of dry density, reaching an average 
decline of 4.5%, 9.1%, 12.7%, 15.6%, and 19.1% for the W5, W10, W15, W20, and W25 bricks 
compared to the control bricks. The results for the cold and hot water absorption of the control 
and WTP biosolids-amended bricks showed that the addition of WTP10 biosolids caused a 
gradual increase in both the cold and hot water absorptions. 
 The organic content present in the raw materials had a significant effect on the physical and 
mechanical properties of bricks. The compressive strength and density of the fired bricks 
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decreased with the increasing percentage of organic content present in the brick raw mixture. The 
cold and hot water absorption, mass loss on ignition, and initial rate of absorption values linearly 
increased with the addition of biosolids, and, therefore, the increase in organic content. The raw 
brick mixture (brick soil + biosolids) containing organic content of 4.2% could save approximately 
32.6% of the energy required for firing, which was due to the calorific power of the organic matter 
present in the biosolids, which was released during the firing process of the bricks.  
 Based on the results presented in this thesis, biosolids-soil mixtures with up to 10% organic 
content are recommended to in normal non-load bearing fired-clay bricks and lower appropriate 
percentages of organic contents for high-quality bricks. 
11.1.3 Effect of heating rate on the properties of fired bricks 
 The bricks manufactured with different heating rates showed changes in their firing shrinkage, 
cold and hot water absorption, and compressive strength properties. Based on the test results, 
1.5 °Cmin
-1
 was found to be the most appropriate heating rate, which resulted in an improvement 
in the cold water absorption, hot water absorption, and compressive strength of both the WTP10 
biosolids-amended bricks and the control bricks.  
 Adopting a heating rate of 1.5 °Cmin
-1
, therefore, saves a significant amount of energy compared 
to the use of lower heating rates of 0.7 and 1.0 °Cmin
-1
, which is an inspiring finding as far as 
sustainable development is concerned.  
 Moreover, the changes in heating rates were found to have an insignificant effect on the dry 
density of biosolids-amended bricks, which is mainly due to each set of bricks presenting a similar 
amount of organic matter.  
11.1.4 Environmental impacts associated with biosolids amended bricks 
 The results of the leaching concentrations of heavy metals from bricks incorporating three 
different biosolids samples from ETP and one biosolids sample from WTP performed for single 
standard pH (pH = 5.0) and liquid to solid ratio (20 L/kg) values, showed that all leachate 
concentrations are insignificant compared with the corresponding regulatory upper limits. This 
indicates that the concentrations of heavy metals present in the bricks incorporating biosolids 
used in this study could be categorised as non-hazardous waste according to the US EPA Code 
of Federal Regulations (2012). Furthermore, the leachate results found in this study are 
insignificant and much lower than the upper limits suggested for solid industrial waste by EPA 
Victoria industrial waste resource guidelines. 
 The organic content present in the raw brick mixture had an insignificant effect on the leaching of 
heavy metals, for the materials (biosolids and brick soil) used in this study. 
 Between 43 and 99% of the heavy metals tested (As, Ag, Ba, Be, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, 
and Zn) was immobilised in the ceramic body for tested biosolids-amended bricks compared to 
the unfired green bricks used in this study. This suggests that the incorporation of biosolids into 
fired bricks is a viable alternative for inerting the heavy metals present in biosolids. 
 The changes in the leaching concentrations of the green and fired bricks showed that 
incorporating biosolids in fired bricks significantly reduced the leaching capability of heavy metals. 
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For example, the leaching of Ni is completely hindered in fired bricks incorporating 25% of ETP 
and WTP biosolids.  
 The experimental results showed that the addition of biosolids increased the CO, CO2, and NO 
emissions. Moreover, the test results showed that the HCN and SO2 emissions from biosolids 
amended bricks were below 1ppm throughout the firing process but higher than those found from 
the control bricks. 
11.1.5 Comparative LCA on biosolids amended bricks 
 The cradle-to-gate LCA results of bricks with and without biosolids showed that the incorporation 
of biosolids into bricks significantly reduced the environmental impacts compared to the control 
bricks except for the acidification, ozone depletion, terrestrial ecotoxicity, and water depletion 
impacts. The possible energy savings during the firing process of biosolids-amended bricks, and 
the prevention of leaching and other emissions from biosolids stockpiles were positively affected, 
and, hence, the environmental overburden of biosolids-amended bricks was lower. 
 Bricks incorporating ETP biosolids showed higher acidification, ozone depletion, terrestrial 
ecotoxicity, and water depletion impacts compared to other biosolids-amended bricks and the 
control bricks. This is because of the higher transport distance of the ETP biosolids. However, the 
addition of biosolids into the fired-clay body reduced the embodied energy of the bricks compared 
to that found for conventional bricks.  
 The findings of the sensitivity analysis suggest that better environmental performance could be 
achieved by WTP biosolids-amended bricks compared to ETP biosolids bricks, particularly in 
terms of ozone depletion and acidification impacts, compared to the control bricks, at lower 
transport distances.  
 The uncertainty analysis of the LCA revealed that there was an almost 100% probability that the 
bricks incorporating 5% of ETP biosolids delivered environmentally friendly performance except 
for ozone depletion and water depletion compared to the control bricks. The comparative 
uncertainty analysis between WTP10-25 (Bricks incorporating 25% of WTP stockpile number 10 
biosolids) and WTP2-25 (bricks incorporating 25% of WTP stockpile number 17-29 biosolids) 
bricks revealed that there was a higher probability that the WTP10-25 bricks had a greater 
environmental impact than WTP2-25 in terms of ozone depletion, acidification, and water 
depletion. 
11.2 RECOMMENDATIONS FOR FURTHER RESEARCH WORK 
The results of this study are very promising and encouraging for the use of biosolids in fired-clay 
bricks. However, it is recommended that future research be undertaken in the following areas to 
improve and extend the findings of this thesis.  
 This research demonstrates that the organic content present in the raw brick mixture has a 
significant effect on the physical and mechanical properties of biosolids-amended bricks. Further 
experimental investigations are needed to estimate the physical and mechanical properties of 
biosolids based on the organic content present in the biosolids and brick soil. Thus, future 
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research should concentrate on the investigation of the physical and mechanical properties of 
bricks incorporating different types of common brick soils with different organic content and 
different types of biosolids to establish a clear estimation of brick properties and their 
interrelationship with respect to the organic content present in the brick soil and biosolids.  
 The future study of incorporating biosolids with lime kiln dust (by-product of lime manufacturing 
process) into fired-clay bricks is recommended. The addition of lime could be beneficial to lower 
the plasticity index of mixtures and thus reducing the required water content for brick 
manufacturing that could consequently reduce the shrinkage values of bricks. In addition, this 
could further save the natural virgin materials in brick production. 
 The TCLP and ABLP tests for the green and fired-bricks used in this study were performed for 
single standard pH and liquid to solid ratio values according to the standard procedures. 
However, the framework and methodologies recently published by the US EPA as new test 
methods using different pH values, different liquid to solid ratios, and monolithic samples are 
recommended for assessing the leachates of heavy metals from biosolids amended bricks. This 
will provide further understanding concerning the leaching behaviour of bricks over the range of 
shifting environmental conditions expected in numerous uses or disposal scenarios or over the 
lifetime of bricks. 
 The leaching test results showed that the firing process of bricks significantly reduced the 
leaching capability of heavy metals. Therefore, a future study incorporating incinerated biosolids 
ash into bricks is recommended to compare the leaching effect between pure biosolids ash and 
bricks incorporating biosolids ash. Biosolids ash is a primary by-product of the incineration 
process of biosolids and contains higher heavy metal contents. Therefore, incorporating biosolids 
ash into fired-clay bricks could be a promising approach to render the heavy metals present in 
biosolids ash inert. 
 The methods and testing procedures developed in this study could be used to investigate the 
possibility of recycling other similar types of materials. 
 Aruna Ukwatta – PhD Thesis  239 
REFERENCES 
1. ACCHAR, W., VIEIRA, F. A. & HOTZA, D. 2006. Effect of marble and granite sludge in clay materials. 
Materials Science and Engineering: A, 419, 306-309, DOI: http://dx.doi.org/10.1016/j.msea.2006.01.021. 
2. ALLEMAN, J. 1989. Beneficial use of sludge in building components. II: Full-scale production of sludge-
amended bricks. Interbrick, 5, 28-32. 
3. ALONSO-SANTURDE, R., ANDRÉS, A., VIGURI, J. R., RAIMONDO, M., GUARINI, G., ZANELLI, C. & 
DONDI, M. 2011. Technological behaviour and recycling potential of spent foundry sands in clay bricks. Journal 
of Environmental Management, 92, 994-1002, DOI: http://dx.doi.org/10.1016/j.jenvman.2010.11.004. 
4. ALONSO-SANTURDE, R., COZ, A., VIGURI, J. R. & ANDRÉS, A. 2012. Recycling of foundry by-
products in the ceramic industry: Green and core sand in clay bricks. Construction and Building Materials, 27, 
97-106, DOI: http://dx.doi.org/10.1016/j.conbuildmat.2011.08.022. 
5. ANDRÉS, A., DÍAZ, M. C., COZ, A., ABELLÁN, M. J. & VIGURI, J. R. 2009. Physico-chemical 
characterisation of bricks all through the manufacture process in relation to efflorescence salts. Journal of the 
European Ceramic Society, 29, 1869-1877, DOI: http://dx.doi.org/10.1016/j.jeurceramsoc.2008.11.015. 
6. ANZBP 2012. Discussion Paper : Biosolids, Carbon and Climate Change. The Australian & New Zealand 
Biosolids Partnership. 
7. ANZBP 2015a. Australia & New Zealand Biosolids Partnership (ANZBP) Survey - 2015. MWH House 
Level 3, 111 Carlton Gore Road, Newmarket, Auckland: Australia & New Zealand Biosolids Partnership. 
8. ANZBP. 2015b. Biosolids Production and End Use in Australia [Online]. Australian Water Association. 
Available: http://www.biosolids.com.au/bs-australia.php [Accessed Jan 07 2015]. 
9. ANZBP 2015c. Biosolids Production in Australia. 13 Zeil street, Alice Springs, NT 0870, Australia: 
Australia & New Zealand Biosolids Partnership. 
10. AOUBA, L., BORIES, C., COUTAND, M., PERRIN, B. & LEMERCIER, H. 2016. Properties of fired clay 
bricks with incorporated biomasses: Cases of Olive Stone Flour and Wheat Straw residues. Construction and 
Building Materials, 102, Part 1, 7-13, DOI: http://dx.doi.org/10.1016/j.conbuildmat.2015.10.040. 
11. ARULRAJAH, A., ALI, M., DISFANI, M. & HORPIBULSUK, S. 2014a. Recycled-Glass Blends in 
Pavement Base/Subbase Applications: Laboratory and Field Evaluation. Journal of Materials in Civil 
Engineering, 26, 04014025, DOI: doi:10.1061/(ASCE)MT.1943-5533.0000966. 
12. ARULRAJAH, A., DISFANI, M. M., HORPIBULSUK, S., SUKSIRIPATTANAPONG, C. & 
PRONGMANEE, N. 2014b. Physical properties and shear strength responses of recycled construction and 
 References 
Aruna Ukwatta – PhD Thesis  240 
demolition materials in unbound pavement base/subbase applications. Construction and Building Materials, 58, 
245-257, DOI: http://dx.doi.org/10.1016/j.conbuildmat.2014.02.025. 
13. ARULRAJAH, A., DISFANI, M. M., SUTHAGARAN, V. & BO, M. W. 2013. Laboratory Evaluation of the 
Geotechnical Characteristics of Wastewater Biosolids in Road Embankments. Journal of Materials in Civil 
Engineering, 25, 1682-1691. 
14. ARULRAJAH, A., DISFANI, M. M., SUTHAGARAN, V. & IMTEAZ, M. 2011. Select chemical and 
engineering properties of wastewater biosolids. Waste Management, 31, 2522-2526, DOI: 
http://dx.doi.org/10.1016/j.wasman.2011.07.014. 
15. ARULRAJAH, A., MAGHOOLPILEHROOD, F., DISFANI, M. M. & HORPIBULSUK, S. 2014c. Spent 
coffee grounds as a non-structural embankment fill material: engineering and environmental considerations. 
Journal of Cleaner Production, 72, 181-186, DOI: http://dx.doi.org/10.1016/j.jclepro.2014.03.010. 
16. AS 1289.0 2000. Method of testing soils for engineering purposes. Part 0 : General requirements and list 
of methods. NSW: Standards Australia International Ltd. 
17. AS 1289.1.1 2001. Methods of testing soils for engineering purposes. Sampling and preparation of soils-
Preparation of disturbed soil samples for testing. Sydney, NSW: Standards Australia Limited. 
18. AS 1289.3.1.1 2009. Methods of testing soils for engineering purposes. Method 3.1.1: Soil classification 
tests - Determination of the liquid limit of a soil -Four point Casagrande method. Sydney, NSW: Standards 
Australia Limited. 
19. AS 1289.3.2.1 2009. Methods of testing soils for engineering purposes. Method 3.2.1: Soil classification 
tests-Determination of the plastic limit of a soil-Standard method. Sydney, NSW: Standards Australia Limited. 
20. AS 1289.3.3.1 2009. Methods of testing soils for engineering purposes. Method 3.3.1: Soil classification 
tests - Calculation of the plasticity index of a soil. Sydney, NSW: Standards Australia Limited. 
21. AS 1289.3.5.1 2006. Methods of testing soils for engineering purposes. Determination of the soil particle 
density of a soil-Standard method. Sydney, NSW: Standards Australia. 
22. AS 1289.3.6.1 1995. Methods of testing soils for engineering purposes. Determination of the particle size 
distribution of a soil -Standard method of analysis by sieving. Standards Australia. 
23. AS 1289.3.6.1 2009. Methods of testing soils for engineering purposes. Method 3.6.1: Soil classification 
tests - Determination of the particle size distribution of a soil - Standard method of analysis by sieving Sydney, 
NSW 2001, Australia: Standards Australia. 
24. AS 1289.5.1.1 2003. Methods of testing soils for engineering purposes. Method 5.1.1: Soil compaction 
and density tests-Determination of the dry density/moisture content relation of a soil using standard compactive 
effort. Sydney, NSW 2001, Australia: Standards Australia International Ltd. 
25. AS 1726 1993. Geotechnical site investigations. Standards Australia Ltd. 
26. AS 3700 2011. Masonry structures. Sydney NSW: Standards Australia Limited. 
 References 
Aruna Ukwatta – PhD Thesis  241 
27. AS 4439.3 1997. 1997 Wastes, sediments andcontaminated soils. Part 3: Preparation of leachates-
Bottle leaching procedure. NSW: Standards Australia. 
28. AS  1289.5.1.1 2003. Methods of testing soils for engineering purposes. Soil compaction and density 
tests—Determination of the dry density/moisture content relation of a soil using standard compactive effort. 
Sydney, NSW 2001, Australia: Standards Australia International Ltd. 
29. AS/NZS 4456 2003. Masonry units, segmental pavers and flags—Methods of test. General introduction 
and list of methods. Sydney NSW 2001 Australia: Standards Australia/Standards New Zealand. 
30. AS/NZS 4456.1 2003. Masonry units, segmental pavers and flags-Methods of test. Method 1: Sampling 
for test. Standards Australia International Ltd, GPO Box 5420, Sydney, NSW 2001 and Standards New Zealand, 
Private Bag 2439, Wellington 6020: Standards Australia/Standards New Zealand. 
31. AS/NZS 4456.4 2003. Masonry units, segmental pavers and flags. Method 4: Determining compressive 
strength of masonry units. NSW 2001 & Wellington 6020: Standards Australia Limited & Standards New 
Zealand. 
32. AS/NZS 4456.6 2003. Masonry units, segmental pavers and flags. Method 6: Determining potential to 
effloresce. Sydney, NSW: Standards Australia/Standards New Zealand. 
33. AS/NZS 4456.14 2003. Masonry units, segmental pavers and flags - Methods of test. Method 14: 
Determining water absorption properties. Standards Australia Limited, GPO Box 476, Sydney, NSW 2001 and 
Standards New Zealand, Private Bag 2439, Wellington 6020: Standards Australia/Standards New Zealand. 
34. ASAKURA, H., ENDO, K., YAMADA, M., INOUE, Y. & ONO, Y. 2009. Improvement of permeability of 
waste sludge by mixing with slag or construction and demolition waste. Waste Management, 29, 1877-1884, 
DOI: http://dx.doi.org/10.1016/j.wasman.2008.12.019. 
35. ASTM C62 2013. Standard Specification for Building Brick (Solid Masonry Units Made From Clay or 
Shale). West Conshohocken, PA, USA: ASTM International. 
36. AUSTRALIAN BUREAU OF STATISTICS. 2014. Production of Selected Construction Materials [Online]. 
Belconnen, ACT 2616: Australian Bureau of Statistics. Available: 
http://www.abs.gov.au/ausstats/abs@.nsf/Latestproducts/8301.0Main%20Features2Mar%202014 [Accessed 
January 27 2015]. 
37. AWA 2012. The Management of Biosolids in Australia. St Leonards, NSW, Australia: Australian Water 
Association. 
38. BASPINAR, M. S., DEMIR, I. & ORHAN, M. 2010. Utilization potential of silica fume in fired clay bricks. 
Waste Management & Research, 28, 149-157. 
39. BAUM, E. Present Status of Brick Production in Asia.  In: INE Proceedings of the Workshop on public 
policies to mitigate environmental impact of artesanal brick production.  (Sesión I. Owerview in each region) . 
[PowerPoint slides], 4-6 th September 2012 Guanajuato, Mexico. 
40. BEALL, C. 2004. Masonry Design and Detailing : For Architects and Contractors, New York, McGraw-
Hill. 
 References 
Aruna Ukwatta – PhD Thesis  242 
41. BENLALLA, A., ELMOUSSAOUITI, M., DAHHOU, M. & ASSAFI, M. 2015. Utilization of water treatment 
plant sludge in structural ceramics bricks. Applied Clay Science, 118, 171-177, DOI: 
http://dx.doi.org/10.1016/j.clay.2015.09.012. 
42. BLENGINI, G. A. & DI CARLO, T. 2010. The changing role of life cycle phases, subsystems and 
materials in the LCA of low energy buildings. Energy and Buildings, 42, 869-880, DOI: 
http://dx.doi.org/10.1016/j.enbuild.2009.12.009. 
43. BORIES, C., AOUBA, L., VEDRENNE, E. & VILAREM, G. 2015. Fired clay bricks using agricultural 
biomass wastes: Study and characterization. Construction and Building Materials, 91, 158-163, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2015.05.006. 
44. BORIES, C., BORREDON, M.-E., VEDRENNE, E. & VILAREM, G. 2014. Development of eco-friendly 
porous fired clay bricks using pore-forming agents: A review. Journal of Environmental Management, 143, 186-
196, DOI: http://dx.doi.org/10.1016/j.jenvman.2014.05.006. 
45. BORIES, C., VEDRENNE, E., PAULHE-MASSOL, A., VILAREM, G. & SABLAYROLLES, C. 2016. 
Development of porous fired clay bricks with bio-based additives: Study of the environmental impacts by Life 
Cycle Assessment (LCA). Construction and Building Materials, 125, 1142-1151, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2016.08.042. 
46. BOUSTEAD, I. & HANCOCK, G. F. 1979. Handbook of industrial energy analysis. 
47. BROBST R 1999. Biosolids reference sheet. Part 2C Reference Sheets. 999 18th St., Denver, CO 
80202: US Environmental Protection Agency. 
48. BROCKEN, H. & NIJLAND, T. G. 2004. White efflorescence on brick masonry and concrete masonry 
blocks, with special emphasis on sulfate efflorescence on concrete blocks. Construction and Building Materials, 
18, 315-323, DOI: http://dx.doi.org/10.1016/j.conbuildmat.2004.02.004. 
49. BS 1377-3 1990. Methods of test for soils for civil engineering purposes. Chemical and electro-chemical 
tests. British Standards Institution. 
50. CABEZA, L. F., RINCÓN, L., VILARIÑO, V., PÉREZ, G. & CASTELL, A. 2014. Life cycle assessment 
(LCA) and life cycle energy analysis (LCEA) of buildings and the building sector: A review. Renewable and 
Sustainable Energy Reviews, 29, 394-416, DOI: http://dx.doi.org/10.1016/j.rser.2013.08.037. 
51. CAMPBELL, J. W. P. & PRYCE, W. 2003. Brick ;  A world history, London, Thames & Hudson Ltd. 
52. CHANG, F.-C., LO, S.-L., LEE, M.-Y., KO, C.-H., LIN, J.-D., HUANG, S.-C. & WANG, C.-F. 2007. 
Leachability of metals from sludge-based artificial lightweight aggregate. Journal of Hazardous Materials, 146, 
98-105, DOI: http://dx.doi.org/10.1016/j.jhazmat.2006.11.069. 
53. CHEMANI, B. & CHEMANI, H. Effect of adding sawdust on mechanical-Physical properties of ceramic 
bricks to obtain lightweight building material.  Proceedings of World Academy of Science, Engineering and 
Technology, 2012. World Academy of Science, Engineering and Technology (WASET), 1655-1659. 
 References 
Aruna Ukwatta – PhD Thesis  243 
54. CHEN, Y., ZHANG, Y., CHEN, T., ZHAO, Y. & BAO, S. 2011. Preparation of eco-friendly construction 
bricks from hematite tailings. Construction and Building Materials, 25, 2107-2111, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2010.11.025. 
55. CHIANG, K.-Y., CHOU, P.-H., HUA, C.-R., CHIEN, K.-L. & CHEESEMAN, C. 2009. Lightweight bricks 
manufactured from water treatment sludge and rice husks. Journal of Hazardous Materials, 171, 76-82, DOI: 
http://dx.doi.org/10.1016/j.jhazmat.2009.05.144. 
56. CHRISTOFOROU, E., KYLILI, A., FOKAIDES, P. A. & IOANNOU, I. 2016. Cradle to site Life Cycle 
Assessment (LCA) of adobe bricks. Journal of Cleaner Production, 112, 443-452, DOI: 
10.1016/j.jclepro.2015.09.016. 
57. CHURCHILL, M. 1994. Aspects of Sewage Sludge Utilisation and its Impact on Brickmaking. Global 
Ceremic Review, 1, 18-21. 
58. CODE OF FEDERAL REGULATIONS 2012. Section 261.24 - Toxicity Characteristics. 40. US 
Government Printing Office. 
59. CORONADO, M., SEGADÃES, A. M. & ANDRÉS, A. 2015. Using mixture design of experiments to 
assess the environmental impact of clay-based structural ceramics containing foundry wastes. Journal of 
Hazardous Materials, 299, 529-539, DOI: http://dx.doi.org/10.1016/j.jhazmat.2015.07.010. 
60. COTES PALOMINO, M. T., MARTÍNEZ GARCÍA, C., IGLESIAS GODINO, F. J., ELICHE QUESADA, D. 
& CORPAS IGLESIAS, F. A. 2016. Study of the wet pomace as an additive in ceramic material. Desalination 
and Water Treatment, 57, 2712-2718, DOI: 10.1080/19443994.2015.1035678. 
61. COUTTS, P. J. F. 1983. Corinella ; A Forgotten Episode in Victorian History, Ministry for Conservation. 
62. CULTRONE, G., SEBASTIÁN, E., ELERT, K., DE LA TORRE, M. J., CAZALLA, O. & RODRIGUEZ–
NAVARRO, C. 2004. Influence of mineralogy and firing temperature on the porosity of bricks. Journal of the 
European Ceramic Society, 24, 547-564, DOI: http://dx.doi.org/10.1016/S0955-2219(03)00249-8. 
63. CUSIDÓ, J. A. & CREMADES, L. V. 2012. Environmental effects of using clay bricks produced with 
sewage sludge: Leachability and toxicity studies. Waste Management, 32, 1202-1208, DOI: 
http://dx.doi.org/10.1016/j.wasman.2011.12.024. 
64. CUSIDÓ, J. A., CREMADES, L. V., SORIANO, C. & DEVANT, M. 2015. Incorporation of paper sludge in 
clay brick formulation: Ten years of industrial experience. Applied Clay Science, 108, 191-198, DOI: 
http://dx.doi.org/10.1016/j.clay.2015.02.027. 
65. DAS, B. M. 2008. Fundamentals of geotechnical engineering, USA, Cengage Learning. 
66. DE LA CASA, J. A. & CASTRO, E. 2014. Recycling of washed olive pomace ash for fired clay brick 
manufacturing. Construction and Building Materials, 61, 320-326, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2014.03.026. 
67. DE LA CASA, J. A., LORITE, M., JIMÉNEZ, J. & CASTRO, E. 2009. Valorisation of wastewater from 
two-phase olive oil extraction in fired clay brick production. Journal of Hazardous Materials, 169, 271-278, DOI: 
http://dx.doi.org/10.1016/j.jhazmat.2009.03.095. 
 References 
Aruna Ukwatta – PhD Thesis  244 
68. DE LA CASA, J. A., ROMERO, I., JIMÉNEZ, J. & CASTRO, E. 2012. Fired clay masonry units 
production incorporating two-phase olive mill waste (alperujo). Ceramics International, 38, 5027-5037, DOI: 
http://dx.doi.org/10.1016/j.ceramint.2012.03.003. 
69. DEMIR, I. 2008. Effect of organic residues addition on the technological properties of clay bricks. Waste 
Management, 28, 622-627, DOI: http://dx.doi.org/10.1016/j.wasman.2007.03.019. 
70. DEMIR, I., SERHAT BASPıNAR, M. & ORHAN, M. 2  5. Utilization of kraft pulp production residues in 
clay brick production. Building and Environment, 40, 1533-1537, DOI: 
http://dx.doi.org/10.1016/j.buildenv.2004.11.021. 
71. DISFANI, M., ARULRAJAH, A., SUTHAGARAN, V. & BO, M. 2009a. Shear strength behavior of recycled 
glass-biosolids mixtures. 62nd Canadian Geotechnical Conference and 10th Joint CGS/IAH-CNC Groundwater 
Conference. Halifax, Canada: International Association of Hydrogeologists / Canadian Geotechnical Society. 
72. DISFANI, M. M. 2011. Sustainable use of recycled glass-biosolids blends in road applications. Doctor of 
Philosophy, Swinburne University of Technology. 
73. DISFANI, M. M., ARULRAJAH, A., BO, M. W. & HANKOUR, R. 2011. Recycled crushed glass in road 
work applications. Waste Management, 31, 2341-2351, DOI: http://dx.doi.org/10.1016/j.wasman.2011.07.003. 
74. DISFANI, M. M., ARULRAJAH, A., HAGHIGHI, H., MOHAMMADINIA, A. & HORPIBULSUK, S. 2014a. 
Flexural beam fatigue strength evaluation of crushed brick as a supplementary material in cement stabilized 
recycled concrete aggregates. Construction and Building Materials, 68, 667-676, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2014.07.007. 
75. DISFANI, M. M., ARULRAJAH, A., MAGHOOLPILEHROOD, F., BO, M. W. & NARSILIO, G. A. 2014b. 
Geotechnical characteristics of stabilised aged biosolids. Proceedings of Institution of Civil Engineers: 
Environmental Geotechnics. 
76. DISFANI, M. M., ARULRAJAH, A., SUTHAGARAN, V. & BO, M. W. 2009b. Geotechnical characteristics 
of recycled glass-biosolid mixtures. In: HAMZA, M., SHAHIEN, M. & EL-MOSSALLAMY, Y. (eds.) 17th 
International Conference on Soil Mechanics and Geotechnical Engineering. Alexandria, Egypt: IOS Press. 
77. DISFANI, M. M., ARULRAJAH, A., SUTHAGARAN, V. & BO, M. W. 2009c. Geotechnical characteristics 
of recycled glass-biosolid mixtures. Proceedings of the 17th International Conference on Soil Mechanics and 
Geotechnical Engineering, Alexandria, Egypt: IOS Press. 
78. DISFANI, M. M., ARULRAJAH, A., SUTHAGARAN, V. & BO, M. W. 2013. Long-term settlement 
prediction for wastewater biosolids in road embankments. Resources, Conservation and Recycling, 77, 69-77, 
DOI: http://dx.doi.org/10.1016/j.resconrec.2013.05.009. 
79. DIZHUR, D., LUMANTARNA, R., BIGGS, D. T. & INGHAM, J. M. 2016. In-situ assessment of the 
physical and mechanical properties of vintage solid clay bricks. Materials and Structures, 50, 1-14, DOI: 
10.1617/s11527-016-0939-9. 
80. DOMÍNGUEZ, E. A. & ULLMAN, R. 1996. ‘Ecological bricks’ made with clays and steel dust pollutants. 
Applied Clay Science, 11, 237-249, DOI: http://dx.doi.org/10.1016/S0169-1317(96)00020-8. 
 References 
Aruna Ukwatta – PhD Thesis  245 
81. DOMONE, P. & ILLSTON, J. 2010. Masonry. Construction Materials ; Their nature and behaviour. 4 ed. 
New York: Spon Press. 
82. DOS SANTOS, D. R., TOLEDO, R., FARIA, R. T., CARRIÓ, J. G., DA SILVA, M. G., AULER, L. T. & 
VARGAS, H. 2003. Evolved gas analysis of clay materials. Review of Scientific Instruments, 74, 663-666, DOI: 
doi:http://dx.doi.org/10.1063/1.1517735. 
83. DURAND, M. & SCOTT, B. J. 2005. Geothermal ground gas emissions and indoor air pollution in 
Rotorua, New Zealand. Science of The Total Environment, 345, 69-80, DOI: 
http://dx.doi.org/10.1016/j.scitotenv.2004.10.023. 
84. DUTRÉ, V. & VANDECASTEELE, C. 1995. Solidification/stabilisation of hazardous arsenic containing 
waste from a copper refining process. Journal of Hazardous Materials, 40, 55-68, DOI: 
http://dx.doi.org/10.1016/0304-3894(94)00080-Z. 
85. EDWARDS, J., OTHMAN, M., CROSSIN, E. & BURN, S. 2017. Anaerobic co-digestion of municipal food 
waste and sewage sludge: A comparative life cycle assessment in the context of a waste service provision. 
Bioresource Technology, 223, 237-249, DOI: http://dx.doi.org/10.1016/j.biortech.2016.10.044. 
86. ELICHE-QUESADA, D., AZEVEDO-DA CUNHA, R. & CORPAS-IGLESIAS, F. A. 2015. Effect of sludge 
from oil refining industry or sludge from pomace oil extraction industry addition to clay ceramics. Applied Clay 
Science, 114, 202-211, DOI: http://dx.doi.org/10.1016/j.clay.2015.06.009. 
87. ELICHE-QUESADA, D., CORPAS-IGLESIAS, F. A., PÉREZ-VILLAREJO, L. & IGLESIAS-GODINO, F. 
J. 2012. Recycling of sawdust, spent earth from oil filtration, compost and marble residues for brick 
manufacturing. Construction and Building Materials, 34, 275-284, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2012.02.079. 
88. ELICHE-QUESADA, D., FELIPE-SESÉ, M. A., LÓPEZ-PÉREZ, J. A. & INFANTES-MOLINA, A. 2017a. 
Characterization and evaluation of rice husk ash and wood ash in sustainable clay matrix bricks. Ceramics 
International, 43, 463-475, DOI: 10.1016/j.ceramint.2016.09.181. 
89. ELICHE-QUESADA, D., FELIPE-SESÉ, M. A., MORENO-MOLINA, A. J., FRANCO, F. & INFANTES-
MOLINA, A. 2017b. Investigation of using bottom or fly pine-olive pruning ash to produce environmental friendly 
ceramic materials. Applied Clay Science, 135, 333-346, DOI: 10.1016/j.clay.2016.10.015. 
90. ELICHE-QUESADA, D. & LEITE-COSTA, J. 2016. Use of bottom ash from olive pomace combustion in 
the production of eco-friendly fired clay bricks. Waste Management, 48, 323-333, DOI: 
http://dx.doi.org/10.1016/j.wasman.2015.11.042. 
91. EPA VICTORIA 2004. Guidelines for environmental management. Biosolids Land Application. 
Publication No 943. ISBN 0 7306 7641 2. Melbourne, Australia: Environment Protection Agency of Victoria. 
92. EPA VICTORIA 2009a. Guidelines for environmental management - Use of biosolids as geotechnical fill 
(Publication 1288). Melbourne, VIC, Australia: EPA Victoria 
http://www.epa.vic.gov.au/~/media/Publications/1288.pdf. 
 References 
Aruna Ukwatta – PhD Thesis  246 
93. EPA VICTORIA 2009b. Industrial waste resource guidelines - 621. Soil hazard categorisation and 
management. Melbourne, VIC, Australia: EPA Victoria 
http://www.epa.vic.gov.au/~/media/Publications/IWRG621.pdf. 
94. EUROSTAT. 2015. Sewage sludge production and disposal [Online]. European Commision. Available: 
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_spd&lang=en [Accessed August 23 2015]. 
95. FANG, W., WEI, Y. & LIU, J. 2016. Comparative characterization of sewage sludge compost and soil: 
Heavy metal leaching characteristics. Journal of Hazardous Materials, 310, 1-10, DOI: 
http://dx.doi.org/10.1016/j.jhazmat.2016.02.025. 
96. FARIA, K. C., GURGEL, R. F. & HOLANDA, J. N. 2012. Recycling of sugarcane bagasse ash waste in 
the production of clay bricks. J Environ Manage, 101, 7-12, DOI: 10.1016/j.jenvman.2012.01.032. 
97. GARRABRANTS, A. C., KOSSON, D. S., DELAPP, R. & VAN DER SLOOT, H. A. 2014. Effect of coal 
combustion fly ash use in concrete on the mass transport release of constituents of potential concern. 
Chemosphere, 103, 131-139, DOI: http://dx.doi.org/10.1016/j.chemosphere.2013.11.048. 
98. GENCEL, O., SUTCU, M., ERDOGMUS, E., KOC, V., CAY, V. V. & GOK, M. S. 2013. Properties of 
bricks with waste ferrochromium slag and zeolite. Journal of Cleaner Production, 59, 111-119, DOI: 
http://dx.doi.org/10.1016/j.jclepro.2013.06.055. 
99. GOEDKOOP, M., OELE, M., LEIJTING, J. & MEIJER, T. P. E. 2013. Introduction to LCA with SimaPro. 
PRé. 
100. GOLDER ASSOCIATES 2008. Sustainability. In: LATHAM, M. (ed.) Innovative use of municipal biosolids 
in Melbourne, Australia. 71 ed. 
101. GOMES, J. M., SALGADO, A. L. F. & HOTZA, D. 2012. Life Cycle Assessment of Ceramic Bricks. 
Materials Science Forum, 727-728, 815-820, DOI: 10.4028/www.scientific.net/MSF.727-728.815. 
102. GONZÁLEZ, I., GALÁN, E. & MIRAS, A. 2006. Fluorine, chlorine and sulphur emissions from the 
Andalusian ceramic industry (Spain)—Proposal for their reduction and estimation of threshold emission values. 
Applied Clay Science, 32, 153-171, DOI: http://dx.doi.org/10.1016/j.clay.2005.07.005. 
103. GONZÁLEZ, I., GALÁN, E., MIRAS, A. & VÁZQUEZ, M. A. 2011. CO2 emissions derived from raw 
materials used in brick factories. Applications to Andalusia (Southern Spain). Applied Clay Science, 52, 193-
198, DOI: http://dx.doi.org/10.1016/j.clay.2011.01.003. 
104. GUO, M. & MURPHY, R. J. 2012. LCA data quality: Sensitivity and uncertainty analysis. Science of The 
Total Environment, 435–436, 230-243, DOI: http://dx.doi.org/10.1016/j.scitotenv.2012.07.006. 
105. GVRD 2005. Review of Alternative Technologies for Biosolids Management. Greater Vancouver 
Regional District, Burnaby, British Columbia,Canada: Policy and Planning Department. 
106. HAIYING, Z., YOUCAI, Z. & JINGYU, Q. 2011. Utilization of municipal solid waste incineration (MSWI) 
fly ash in ceramic brick: Product characterization and environmental toxicity. Waste Management, 31, 331-341, 
DOI: http://dx.doi.org/10.1016/j.wasman.2010.10.017. 
 References 
Aruna Ukwatta – PhD Thesis  247 
107. HE, H., YUE, Q., SU, Y., GAO, B., GAO, Y., WANG, J. & YU, H. 2012. Preparation and mechanism of 
the sintered bricks produced from Yellow River silt and red mud. Journal of Hazardous Materials, 203–204, 53-
61, DOI: http://dx.doi.org/10.1016/j.jhazmat.2011.11.095. 
108. HEREK, L. C. S., HORI, C. E., REIS, M. H. M., MORA, N. D., TAVARES, C. R. G. & BERGAMASCO, R. 
2012. Characterization of ceramic bricks incorporated with textile laundry sludge. Ceramics International, 38, 
951-959, DOI: http://dx.doi.org/10.1016/j.ceramint.2011.08.015. 
109. HORPIBULSUK, S., MUNSRAKEST, V., UDOMCHAI, A., CHINKULKIJNIWAT, A. & ARULRAJAH, A. 
2014. Strength of sustainable non-bearing masonry units manufactured from calcium carbide residue and fly 
ash. Construction and Building Materials, 71, 210-215, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2014.08.033. 
110. HORPIBULSUK, S., SUKSIRIPATTANAPONG, C., SAMINGTHONG, W., RACHAN, R. & ARULRAJAH, 
A. 2016. Durability against Wetting–Drying Cycles of Water Treatment Sludge–Fly Ash Geopolymer and Water 
Treatment Sludge–Cement and Silty Clay–Cement Systems. Journal of Materials in Civil Engineering, 28, 
04015078, DOI: doi:10.1061/(ASCE)MT.1943-5533.0001351. 
111. HUNDAL, L., COX, A. & GRANTO, T. 2005. Promoting beneficial use of biosolids in Chicago: User 
needs and concerns. Rep. No. 03 ed. Chicargo, USA: Metropolitan Water Reclamation District of Greater 
Chicargo. 
112. HUNT, R. G., FRANKLIN, W. E. & HUNT, R. G. 1996. LCA — How it came about. The International 
Journal of Life Cycle Assessment, 1, 4-7, DOI: 10.1007/bf02978624. 
113. IBÁÑEZ-FORÉS, V., BOVEA, M.-D. & SIMÓ, A. 2011. Life cycle assessment of ceramic tiles. 
Environmental and statistical analysis. The International Journal of Life Cycle Assessment, 16, 916-928, DOI: 
10.1007/s11367-011-0322-6. 
114. IGLESIAS MARTÍN, I., ACOSTA ECHEVERRÍA, A. & GARCÍA-ROMERO, E. 2013. Recycling of 
residual IGCC slags and their benefits as degreasers in ceramics. Journal of Environmental Management, 129, 
1-8, DOI: http://dx.doi.org/10.1016/j.jenvman.2013.05.055. 
115. INDUSTRIAL WASTE RESOURCE GUIDELINES (IWRG 631) 2009. "Solid Industrial Waste Hazard 
Categorization and Management". Victoria: Environment Protection Authority 
http://www.epa.vic.gov.au/~/media/publications/iwrg631.pdf. 
116. INGWERSEN, W. W., HAWKINS, T. R., TRANSUE, T. R., MEYER, D. E., MOORE, G., KAHN, E., 
ARBUCKLE, P., PAULSEN, H. & NORRIS, G. A. 2015. A new data architecture for advancing life cycle 
assessment. The International Journal of Life Cycle Assessment, 20, 520-526, DOI: 10.1007/s11367-015-0850-
6. 
117. ISLAM, H. 2012. Use of material in residential house design: an optimisation approach balancing life 
cycle cost & life cycle environmental impact. Doctor of Philosophy, RMIT University. 
118. ISLAM, H., JOLLANDS, M. & SETUNGE, S. 2015. Life cycle assessment and life cycle cost implication 
of residential buildings—A review. Renewable and Sustainable Energy Reviews, 42, 129-140, DOI: 
http://dx.doi.org/10.1016/j.rser.2014.10.006. 
 References 
Aruna Ukwatta – PhD Thesis  248 
119. ISO 14040 2006. Environmental management - Life cycle assessment - Principles and framework. 
Switzerland: International Standard Organization. 
120. ISO 14044 2006. Environmental management - Life cycle assessment - Requirements and guidelines. 
Switzerland: International Standard Organization. 
121. ITA. 2009. Chogha Zanbil, Khuzestan province [Online]. Available: 
http://www.theodora.com/wfb/photos/iran/iran_photos_34.html [Accessed November 29 2016]. 
122. JACKSON, N. & DHIR, R. K. 1996. Bricks and Blocks. Civil Engineering Materials. 5 ed. London: 
Macmillan Press Ltd. 
123. JUNGK, E., KRCMAR, W. & LINNER, B. 1996. Reduction of the thermal conductivity of clay masonry 
units by optimization of the ceramic body structure. ZI INTERNATIONAL, 368-377. 
124. KADIR, A. & MOHAJERANI, A. Leachability of heavy metals from fired clay bricks incorporated with 
cigarette butts.  8th International Symposium on Lowland Technology, 2012. Department of Civil Engineering, 
Hasanuddin University, Indonesia, 1-7. 
125. KADIR, A. A. 2010. Recycling cigarette butts in fired clay bricks. Doctor of Philosophy, RMIT University. 
126. KADIR, A. A. 2012. An Overview of Wastes Recycling in Fired Clay Bricks. International Journal of 
Integrated Engineering, 4. 
127. KADIR, A. A. & MOHAJERANI, A. Physico-mechanical properties and leachate analysis of clay fired 
bricks incorporated with cigarette butts.  International Conference on Environment, 2008 Malaysia. 
Environmental Management and Technoloties Towards Sustainable Development, 100-109. 
128. KADIR, A. A. & MOHAJERANI, A. Bricks: An Excellent Building Material for Recycling Wastes – A 
Review.  Proceedings of the IASTED International Conference, 2011a Calgary, AB, Canada. Environmental 
Management and Engineering (EME 2011), 108-115. 
129. KADIR, A. A. & MOHAJERANI, A. 2011b. Recycling cigarette butts in lightweight fired clay bricks. 
Proceedings of Institution of Civil Engineers: Construction Materials, 164, 219-229. 
130. KADIR, A. A. & MOHAJERANI, A. 2015. Effect of heating rate on gas emissions and properties of fired 
clay bricks and fired clay bricks incorporated with cigarette butts. Applied Clay Science, 104, 269-276, DOI: 
http://dx.doi.org/10.1016/j.clay.2014.12.005. 
131. KADIR, A. A., MOHAJERANI, A., RODDICK, F. & BUCKERIDGE, J. 2009. Density, strength, thermal 
conductivity and leachate characteristics of light-weight fired clay bricks incorporating cigarete butts. World 
Academy of Science, Engineering and Technology, 53, 1035-40. 
132. KAMPALA, A., HORPIBULSUK, S., CHINKULLIJNIWAT, A. & SHEN, S.-L. 2013. Engineering properties 
of recycled Calcium Carbide Residue stabilized clay as fill and pavement materials. Construction and Building 
Materials, 46, 203-210, DOI: http://dx.doi.org/10.1016/j.conbuildmat.2013.04.037. 
133. KAYALI, O. 2005. High Performance Bricks from Fly Ash. Proceedings of the World of Coal Ash 
Conference, Lexinton, Kentucky. 
 References 
Aruna Ukwatta – PhD Thesis  249 
134. KELESSIDIS, A. & STASINAKIS, A. S. 2012. Comparative study of the methods used for treatment and 
final disposal of sewage sludge in European countries. Waste Management, 32, 1186-1195, DOI: 
http://dx.doi.org/10.1016/j.wasman.2012.01.012. 
135. KHASREEN, M. M., BANFILL, P. F. & MENZIES, G. F. 2009. Life-cycle assessment and the 
environmental impact of buildings: a review. Sustainability, 1, 674-701. 
136. KNOERI, C., SANYÉ-MENGUAL, E. & ALTHAUS, H.-J. 2013. Comparative LCA of recycled and 
conventional concrete for structural applications. The International Journal of Life Cycle Assessment, 18, 909-
918, DOI: 10.1007/s11367-012-0544-2. 
137. KORONEOS, C. & DOMPROS, A. 2007. Environmental assessment of brick production in Greece. 
Building and Environment, 42, 2114-2123, DOI: http://dx.doi.org/10.1016/j.buildenv.2006.03.006. 
138. KOSSON, D. S., GARRABRANTS, A. C., DELAPP, R. & VAN DER SLOOT, H. A. 2014. pH-dependent 
leaching of constituents of potential concern from concrete materials containing coal combustion fly ash. 
Chemosphere, 103, 140-147, DOI: http://dx.doi.org/10.1016/j.chemosphere.2013.11.049. 
139. KOSSON, D. S., VAN DER SLOOT, H. A., SANCHEZ, F. & GARRABRANTS, A. C. 2002. An Integrated 
Framework for Evaluating Leaching in Waste Management and Utilization of Secondary Materials. 
Environmental Engineering Science, 19, 159-204, DOI: 10.1089/109287502760079188. 
140. KUA, H. W. & KAMATH, S. 2014. An attributional and consequential life cycle assessment of substituting 
concrete with bricks. Journal of Cleaner Production, 81, 190-200, DOI: 
http://dx.doi.org/10.1016/j.jclepro.2014.06.006. 
141. KUMBHAR, S., KULKARNI, N., RAO, A. B. & RAO, B. 2014. Environmental Life Cycle Assessment of 
Traditional Bricks in Western Maharashtra, India. Energy Procedia, 54, 260-269, DOI: 
http://dx.doi.org/10.1016/j.egypro.2014.07.269. 
142. LA RUBIA-GARCÍA, M. D., YEBRA-RODRÍGUEZ, Á., ELICHE-QUESADA, D., CORPAS-IGLESIAS, F. 
A. & LÓPEZ-GALINDO, A. 2012. Assessment of olive mill solid residue (pomace) as an additive in lightweight 
brick production. Construction and Building Materials, 36, 495-500, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2012.06.009. 
143. LANKA, A. 2016. Abayagiriya Stupa at Anuradhapura [Online]. Available: 
http://amazinglanka.com/wp/abayagiri-stupa/ [Accessed December 1 2016]. 
144. LE, H. & OANH, N. 2010. Integrated assessment of brick kiln emission impacts on air quality. 
Environmental Monitoring and Assessment, 171, 381-394, DOI: 10.1007/s10661-009-1285-y. 
145. LEE, P. Y. & SUEDKAMP, R. 1972. Characteristics of irregularly shaped compaction curves of soils. 
Washington: National Academy of Sceinces. 
146. LIEW, A. G., IDRIS, A., SAMAD, A. A., WONG, C. H. K., JAAFAR, M. S. & BAKI, A. M. 2004a. 
Reusability of sewage sludge in clay bricks. Journal of Material Cycles and Waste Management, 6, 41-47, DOI: 
10.1007/s10163-003-0105-7. 
 References 
Aruna Ukwatta – PhD Thesis  250 
147. LIEW, A. G., IDRIS, A., WONG, C. H., SAMAD, A. A., NOOR, M. J. M. & BAKI, A. M. 2004b. 
Incorporation of sewage sludge in clay brick and its characterization. Waste Management & Research, 22, 226-
233, DOI: 10.1177/0734242X04044989. 
148. LIM, S., JEON, W., LEE, J., LEE, K. & KIM, N. 2002. Engineering properties of water/wastewater-
treatment sludge modified by hydrated lime, fly ash and loess. Water Research, 36, 4177-4184, DOI: 
http://dx.doi.org/10.1016/S0043-1354(02)00150-1. 
149. LIN, D. & WENG, C. 2001. Use of Sewage Sludge Ash as Brick Material. Journal of Environmental 
Engineering, 127, 922-927, DOI: doi:10.1061/(ASCE)0733-9372(2001)127:10(922). 
150. LIN, K. L. 2006. Feasibility study of using brick made from municipal solid waste incinerator fly ash slag. 
J Hazard Mater, 137, 1810-6, DOI: 10.1016/j.jhazmat.2006.05.027. 
151. LIU, X., GONG, X. Z., WANG, Z. H. & FANG, M. H. 2014. Environment Impact Analysis of Hollow Brick 
Produced by Waste in Life Cycle. Key Engineering Materials, 599, 298-301, DOI: 
10.4028/www.scientific.net/KEM.599.298. 
152. LO, I. M. C., ZHOU, W. W. & LEE, K. M. 2002. Geotechnical characterization of dewatered sewage 
sludge for landfill disposal. Canadian Geotechnical Journal, 39, 1139-1149, DOI: 10.1139/t02-058. 
153. LOMONTE, C., DORONILA, A. I., GREGORY, D., BAKER, A. J. M. & KOLEV, S. D. 2010. Phytotoxicity 
of biosolids and screening of selected plant species with potential for mercury phytoextraction. Journal of 
Hazardous Materials, 173, 494-501, DOI: http://dx.doi.org/10.1016/j.jhazmat.2009.08.112. 
154. MAGDZIARZ, A. & WERLE, S. 2014. Analysis of the combustion and pyrolysis of dried sewage sludge 
by TGA and MS. Waste Management, 34, 174-179, DOI: http://dx.doi.org/10.1016/j.wasman.2013.10.033. 
155. MAGHOOLPILEHROOD, F., DISFANI, M. M. & ARULRAJAH, A. 2013. Geotechnical Characteristics of 
Aged Biosolids Stabilized with Cement and Lime. Australian Geomechanics Journal, 48, 113-120. 
156. MAJUMDER, R., LIVESLEY, S. J., GREGORY, D. & ARNDT, S. K. 2014. Biosolid stockpiles are a 
significant point source for greenhouse gas emissions. Journal of Environmental Management, 143, 34-43, DOI: 
http://dx.doi.org/10.1016/j.jenvman.2014.04.016. 
157. MAJUMDER, R., LIVESLEY, S. J., GREGORY, D. & ARNDT, S. K. 2015. Storage management 
influences greenhouse gas emissions from biosolids. Journal of Environmental Management, 151, 361-368, 
DOI: http://dx.doi.org/10.1016/j.jenvman.2015.01.007. 
158. MALHOTRA, S. K. & TEHRI, S. P. 1996. Development of bricks from granulated blast furnace slag. 
Construction and Building Materials, 10, 191-193, DOI: http://dx.doi.org/10.1016/0950-0618(95)00081-X. 
159. MAROTTA, T. W. 2005. Masonry. Basic Construction Materials. 7 ed. USA: Pearson Prentice Hall. 
160. MARTÍNEZ-GARCÍA, C., ELICHE-QUESADA, D., PÉREZ-VILLAREJO, L., IGLESIAS-GODINO, F. J. & 
CORPAS-IGLESIAS, F. A. 2012. Sludge valorization from wastewater treatment plant to its application on the 
ceramic industry. Journal of Environmental Management, 95, Supplement, S343-S348, DOI: 
http://dx.doi.org/10.1016/j.jenvman.2011.06.016. 
 References 
Aruna Ukwatta – PhD Thesis  251 
161. MARTÍNEZ-MARTÍNEZ, S., PÉREZ-VILLAREJO, L., ELICHE-QUESADA, D., CARRASCO-HURTADO, 
B., SÁNCHEZ-SOTO, P. J. & ANGELOPOULOS, G. N. 2016. Ceramics from clays and by-product from 
biodiesel production: Processing, properties and microstructural characterization. Applied Clay Science, 121–
122, 119-126, DOI: http://dx.doi.org/10.1016/j.clay.2015.12.003. 
162. MATEO, S., CUEVAS, M., LA RUBIA, M. D. & ELICHE-QUESADA, D. 2016. Preliminary study of the 
use of spent diatomaceous earth from the brewing industry in clay matrix bricks. Advances in Applied Ceramics, 
1-7, DOI: 10.1080/17436753.2016.1221019. 
163. MELBOURNE WATER 2010. Expressions of Interest. Implementation of a research and development 
projects for energy, nutrient, metal, fuel or chemical extraction, geotechnical reuse, building material extender, 
decontamination, stabilisation, or other conversion leading to “Beneficial Use” of biosolids. 100 Wellington 
Parade ,East Melbourne, Victoria 3002: Melbourne Water Corporation. 
164. MELBOURNE WATER 2011. Annual Report 2010/11. 990 La Trobe Street, Docklands Victoria 3008: 
Melbourne Water. 
165. MELBOURNE WATER 2012. Annual Report 2011/12. 990 La Trobe Street, Docklands Victoria 3008: 
Melbourne Water. 
166. MELBOURNE WATER 2013. Annual Report 2012/13. 990 La Trobe Street, Docklands Victoria 3008: 
Melbourne Water. 
167. MELBOURNE WATER 2014a. Annual Report 2013/14. 990 La Trobe Street, Docklands Victoria 3008: 
Melbourne Water. 
168. MELBOURNE WATER. 2014b. Waste to resources [Online]. Available: 
http://www.melbournewater.com.au/whatwedo/Liveability-and-environment/waste/Pages/Waste-to-
resources.aspx [Accessed March 22 2014]. 
169. MELBOURNE WATER 2015. Annual Report 2014/15. 990 La Trobe Street, Docklands, Victoria 3008: 
Melbourne Water. 
170. MELBOURNE WATER 2016a. Annual Report 2015/16. 990 La Trobe Street, Docklands, Victoria 3008: 
Melbourne Water. 
171. MELBOURNE WATER. 2016b. Our history - a timeline [Online]. Melbourne Water, GPO Box 4342, 
Melbourne VIC 3001. Available: http://www.melbournewater.com.au/aboutus/historyandheritage/Pages/Our-
history-a-timeline.aspx [Accessed 02 26 2016]. 
172. MELBOURNE WATER. 2016c. What we do - Treat sewage [Online]. Melbourne Water, GPO Box 4342, 
Melbourne VIC 3001. Available: 
http://www.melbournewater.com.au/whatwedo/treatsewage/Pages/treatsewage.aspx [Accessed 02 26 2016]. 
173. MENEZES, R. R., FERREIRA, H. S., NEVES, G. A., LIRA, H. D. L. & FERREIRA, H. C. 2005. Use of 
granite sawing wastes in the production of ceramic bricks and tiles. Journal of the European Ceramic Society, 
25, 1149-1158, DOI: http://dx.doi.org/10.1016/j.jeurceramsoc.2004.04.020. 
 References 
Aruna Ukwatta – PhD Thesis  252 
174. MEZENCEVOVA, A., YEBOAH, N. N., BURNS, S. E., KAHN, L. F. & KURTIS, K. E. 2012. Utilization of 
Savannah Harbor river sediment as the primary raw material in production of fired brick. Journal of 
Environmental Management, 113, 128-136, DOI: http://dx.doi.org/10.1016/j.jenvman.2012.08.030. 
175. MOHAJERANI, A., KADIR, A. A. & LAROBINA, L. 2016. A practical proposal for solving the world's 
cigarette butt problem: Recycling in fired clay bricks. Waste Management, 52, 228-44, DOI: 
10.1016/j.wasman.2016.03.012. 
176. MOHAMMED, M. S., AHMED, A. E.-S. I., OSMAN, R. M. & KHATTAB, I. 2014. Combinations of organic 
and inorganic wastes for brick production. Polymer Composites, 35, 174-179, DOI: 10.1002/pc.22647. 
177. MORGAN, D. J. 1993. Thermal analysis — including evolved gas analysis — of clay raw materials. 
Applied Clay Science, 8, 81-89, DOI: http://dx.doi.org/10.1016/0169-1317(93)90029-Z. 
178. MUÑOZ VELASCO, P., MORALES ORTÍZ, M. P., MENDÍVIL GIRÓ, M. A. & MUÑOZ VELASCO, L. 
2014. Fired clay bricks manufactured by adding wastes as sustainable construction material – A review. 
Construction and Building Materials, 63, 97-107, DOI: http://dx.doi.org/10.1016/j.conbuildmat.2014.03.045. 
179. MYMRIN, V., KLITZKE, W., ALEKSEEV, K., CATAI, R. E., NAGALLI, A., IZZO, R. L. D. S. & ROMANO, 
C. A. 2015. Red clay application in the utilization of paper production sludge and scrap glass to fabricate 
ceramic materials. Applied Clay Science, 107, 28-35, DOI: http://dx.doi.org/10.1016/j.clay.2015.01.031. 
180. NICOLETTI, G. M., NOTARNICOLA, B. & TASSIELLI, G. 2002. Comparative Life Cycle Assessment of 
flooring materials: ceramic versus marble tiles. Journal of Cleaner Production, 10, 283-296, DOI: 
http://dx.doi.org/10.1016/S0959-6526(01)00028-2. 
181. NSW DPI. 2009. Use of Biosolids in Agriculture [Online]. Cowra, NSW: NSW Department of Primary 
Industries. Available: http://www.dpi.nsw.gov.au/agriculture/farm/recycling-waste-mgt/recycled-
organics/biosolids [Accessed November 05 2013]. 
182. O'KELLY, B. C. 2004. Geotechnical aspects of sewage sludge monofills. Proceedings of the ICE-
Municipal Engineer, 157, 193-197. 
183. O'KELLY, B. C. 2005a. Consolidation properties of a dewatered municipal sewage sludge. Canadian 
Geotechnical Journal, 42, 1350-1358, DOI: 10.1139/t05-054. 
184. O'KELLY, B. C. 2005b. Mechanical properties of dewatered sewage sludge. Waste Management, 25, 
47-52, DOI: http://dx.doi.org/10.1016/j.wasman.2004.08.003. 
185. O'KELLY, B. C. 2006. Geotechnical properties of municipal sewage sludge. Geotechnical & Geological 
Engineering, 24, 833-850, DOI: 10.1007/s10706-005-6611-8. 
186. OKUNO, N. & TAKAHASHI, S. 1997. Full scale application of manufacturing bricks from sewage. Water 
Science and Technology, 36, 243-250, DOI: http://dx.doi.org/10.1016/S0273-1223(97)00686-0. 
187. ORTELLI, G. & VINCENZINI, P. 1984. Reduction of efflorescence in brick through addition of ceramic 
sludges. American Ceramic Society bulletin, 63, 1025-1029. 
 References 
Aruna Ukwatta – PhD Thesis  253 
188. PARANAVITHANA, S. & MOHAJERANI, A. 2006. Effects of recycled concrete aggregates on properties 
of asphalt concrete. Resources, Conservation and Recycling, 48, 1-12, DOI: 
http://dx.doi.org/10.1016/j.resconrec.2005.12.009. 
189. PEL, L., KOPINGA, K., BERTRAM, G. & LANG, G. 1995. Water absorption in a fired-clay brick observed 
by NMR scanning. Journal of physics D: applied physics, 28, 675-680. 
190. PÉREZ-VILLAREJO, L., ELICHE-QUESADA, D., IGLESIAS-GODINO, F. J., MARTÍNEZ-GARCÍA, C. & 
CORPAS-IGLESIAS, F. A. 2012. Recycling of ash from biomass incinerator in clay matrix to produce ceramic 
bricks. Journal of Environmental Management, 95, Supplement, S349-S354, DOI: 
http://dx.doi.org/10.1016/j.jenvman.2010.10.022. 
191. PÉREZ-VILLAREJO, L., MARTÍNEZ-MARTÍNEZ, S., CARRASCO-HURTADO, B., ELICHE-QUESADA, 
D., UREÑA-NIETO, C. & SÁNCHEZ-SOTO, P. J. 2015. Valorization and inertization of galvanic sludge waste in 
clay bricks. Applied Clay Science, 105–106, 89-99, DOI: http://dx.doi.org/10.1016/j.clay.2014.12.022. 
192. PRASERTSAN, S. 1995. Preliminary Study on Brick Making Industry in ASEAN Countries. Final report 
(unpublished) submitted to NRCT, Bangkok, Thailand. 
193. PRÉ & VARIOUS AUTHORS 2015. SimaPro Database Manual - Methods library. 2.8 ed. 
194. PUPPALA, A., POKALA, S., INTHARASOMBAT, N. & WILLIAMMEE, R. 2007. Effects of Organic Matter 
on Physical, Strength, and Volume Change Properties of Compost Amended Expansive Clay. Journal of 
Geotechnical and Geoenvironmental Engineering, 133, 1449-1461, DOI: doi:10.1061/(ASCE)1090-
0241(2007)133:11(1449). 
195. QI, Y., SZENDRAK, D., YUEN, R. T. W., HOADLEY, A. F. A. & MUDD, G. 2011. Application of sludge 
dewatered products to soil and its effects on the leaching behaviour of heavy metals. Chemical Engineering 
Journal, 166, 586-595, DOI: http://dx.doi.org/10.1016/j.cej.2010.11.029. 
196. QUIJORNA, N., COZ, A., ANDRES, A. & CHEESEMAN, C. 2012. Recycling of Waelz slag and waste 
foundry sand in red clay bricks. Resources, Conservation and Recycling, 65, 1-10, DOI: 
http://dx.doi.org/10.1016/j.resconrec.2012.05.004. 
197. RAHMAN, M. A. 1987. Properties of clay-sand-rice husk ash mixed bricks. International Journal of 
Cement Composites and Lightweight Concrete, 9, 105-108, DOI: http://dx.doi.org/10.1016/0262-
5075(87)90026-1. 
198. RAHMAN, M. E., BOON, A. L., MUNTOHAR, A. S., HASHEM TANIM, M. N. & PAKRASHI, V. 2014. 
Performance of masonry blocks incorporating Palm Oil Fuel Ash. Journal of Cleaner Production, 78, 195-201, 
DOI: http://dx.doi.org/10.1016/j.jclepro.2014.04.067. 
199. RAJARATHNAM, U., ATHALYE, V., RAGAVAN, S., MAITHEL, S., LALCHANDANI, D., KUMAR, S., 
BAUM, E., WEYANT, C. & BOND, T. 2014. Assessment of air pollutant emissions from brick kilns. Atmospheric 
Environment, 98, 549-553, DOI: http://dx.doi.org/10.1016/j.atmosenv.2014.08.075. 
200. RAMESH, T., PRAKASH, R. & SHUKLA, K. K. 2010. Life cycle energy analysis of buildings: An 
overview. Energy and Buildings, 42, 1592-1600, DOI: http://dx.doi.org/10.1016/j.enbuild.2010.05.007. 
 References 
Aruna Ukwatta – PhD Thesis  254 
201. RANAWEERA, M. P. 2004. Ancient stupas in Sri Lanka–Largest brick structures in the world. CHS 
Newsletter, 70. 
202. RIGBY, H., CLARKE, B. O., PRITCHARD, D. L., MEEHAN, B., BESHAH, F., SMITH, S. R. & PORTER, 
N. A. 2016. A critical review of nitrogen mineralization in biosolids-amended soil, the associated fertilizer value 
for crop production and potential for emissions to the environment. Science of The Total Environment, 541, 
1310-1338, DOI: http://dx.doi.org/10.1016/j.scitotenv.2015.08.089. 
203. ROUF, M. A. & HOSSAIN, M. D. Effects of using arsenic-iron sludge in brick making.  Fate of arsenic in 
the Environment, Proceedings of the BUET–UNU International Symposium, Dhaka, Bangladesh, 5-6 February, 
2003. 193-208. 
204. ROY, S., ADHIKARI, G. R. & GUPTA, R. N. 2007. Use of gold mill tailings in making bricks: a feasibility 
study. Waste Management & Research, 25, 475-482. 
205. RULKENS, W. 2007. Sewage Sludge as a Biomass Resource for the Production of Energy: Overview 
and Assessment of the Various Options†. Energy & Fuels, 22, 9-15, DOI: 10.1021/ef700267m. 
206. SABOYA, F., XAVIER, G. & ALEXANDRE, J. 2007. The use of the powder marble by-product to 
enhance the properties of brick ceramic. Construction and Building Materials, 21, 1950-1960. 
207. SAIAH, R., PERRIN, B. & RIGAL, L. 2010. Improvement of thermal properties of fired clays by 
introduction of vegetable matter. Journal of building physics, 34, 124-142, DOI: 10.1177/1744259109360059. 
208. SAKHARE, V. V. & RALEGAONKAR, R. V. 2015. Use of bio-briquette ash for the development of bricks. 
Journal of Cleaner Production, 112, Part 1, 684-689, DOI: http://dx.doi.org/10.1016/j.jclepro.2015.07.088. 
209. SAKHARE, V. V. & RALEGAONKAR, R. V. 2016. Use of bio-briquette ash for the development of bricks. 
Journal of Cleaner Production, 112, 684-689, DOI: 10.1016/j.jclepro.2015.07.088. 
210. SAMARA, M., LAFHAJ, Z. & CHAPISEAU, C. 2009. Valorization of stabilized river sediments in fired 
clay bricks: Factory scale experiment. Journal of Hazardous Materials, 163, 701-710, DOI: 
http://dx.doi.org/10.1016/j.jhazmat.2008.07.153. 
211. SCHMIDT-REINHOLTZ, C. 1990. Suggestion for the reduction of body bulk density through additives. 
Tile Brick International, 6, 23-27. 
212. SCIENTIFIC APPLICATIONS INTERNATIONAL CORPORATION (SAIC) 2006. Life cycle assessment : 
Principles and practice. Cincinnati, Ohio, USA: US Environmental Protection Agency. 
213. SCOTT, S. A., DENNIS, J. S., DAVIDSON, J. F. & HAYHURST, A. N. 2006. Thermogravimetric 
measurements of the kinetics of pyrolysis of dried sewage sludge. Fuel, 85, 1248-1253, DOI: 
http://dx.doi.org/10.1016/j.fuel.2005.11.003. 
214. SEMBLANTE, G. U., HAI, F. I., BUSTAMANTE, H., GUEVARA, N., PRICE, W. E. & NGHIEM, L. D. 
2016. Biosolids reduction by the oxic-settling-anoxic process: Impact of sludge interchange rate. Bioresource 
Technology, 210, 167-173, DOI: http://dx.doi.org/10.1016/j.biortech.2016.01.010. 
 References 
Aruna Ukwatta – PhD Thesis  255 
215. SENA DA FONSECA, B., GALHANO, C. & SEIXAS, D. 2015. Technical feasibility of reusing coal 
combustion by-products from a thermoelectric power plant in the manufacture of fired clay bricks. Applied Clay 
Science, 104, 189-195, DOI: http://dx.doi.org/10.1016/j.clay.2014.11.030. 
216. SENGUPTA, P., SAIKIA, N. & BORTHAKUR, P. 2002. Bricks from Petroleum Effluent Treatment Plant 
Sludge: Properties and Environmental Characteristics. Journal of Environmental Engineering, 128, 1090-1094, 
DOI: doi:10.1061/(ASCE)0733-9372(2002)128:11(1090). 
217. SILVEIRA, M. L. A., ALLEONI, L. R. F. & GUILHERME, L. R. G. 2003a. Biosolids and heavy metals in 
soils. Scientia Agricola, 60, 793-806. 
218. SILVEIRA, M. L. A., ALLEONI, L. R. F. & GUILHERME, L. R. G. 2003b. Biosolids and heavy metals in 
soils. Scientia Agricola, 60, 793-806. 
219. SIMONEN, K. 2014. Life Cycle Assessment, 711, Third Avenue, NY, Routledge. 
220. SOMNA, R., JATURAPITAKKUL, C. & AMDE, A. M. 2012. Effect of ground fly ash and ground bagasse 
ash on the durability of recycled aggregate concrete. Cement and Concrete Composites, 34, 848-854, DOI: 
http://dx.doi.org/10.1016/j.cemconcomp.2012.03.003. 
221. SONNEMANN, G. W., SCHUHMACHER, M. & CASTELLS, F. 2003. Uncertainty assessment by a 
Monte Carlo simulation in a life cycle inventory of electricity produced by a waste incinerator. Journal of Cleaner 
Production, 11, 279-292, DOI: http://dx.doi.org/10.1016/S0959-6526(02)00028-8. 
222. SOUZA, A. E., TEIXEIRA, S. R., SANTOS, G. T. A., COSTA, F. B. & LONGO, E. 2011. Reuse of 
sugarcane bagasse ash (SCBA) to produce ceramic materials. Journal of Environmental Management, 92, 
2774-2780, DOI: http://dx.doi.org/10.1016/j.jenvman.2011.06.020. 
223. STONE, R. J., EKWUE, E. I. & CLARKE, R. O. 1998. Engineering Properties of Sewage Sludge in 
Trinidad. Journal of Agricultural Engineering Research, 70, 221-230, DOI: 
http://dx.doi.org/10.1006/jaer.1998.0266. 
224. STUART, I. 1987. A History of the Victorian Brick Industry : 1826-1920. Australian Archaeology, 24, 36-
40. 
225. SUKSIRIPATTANAPONG, C., HORPIBULSUK, S., BOONGRASAN, S., UDOMCHAI, A., 
CHINKULKIJNIWAT, A. & ARULRAJAH, A. 2015a. Unit weight, strength and microstructure of a water 
treatment sludge–fly ash lightweight cellular geopolymer. Construction and Building Materials, 94, 807-816, 
DOI: http://dx.doi.org/10.1016/j.conbuildmat.2015.07.091. 
226. SUKSIRIPATTANAPONG, C., HORPIBULSUK, S., CHANPRASERT, P., SUKMAK, P. & ARULRAJAH, 
A. 2015b. Compressive strength development in fly ash geopolymer masonry units manufactured from water 
treatment sludge. Construction and Building Materials, 82, 20-30, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2015.02.040. 
227. SUKSIRIPATTANAPONG, C., SRIJUMPA, T., HORPIBULSUK, S., SUKMAK, P., ARULRAJAH, A. & 
DU, Y. J. 2015c. Compressive strengths of water treatment sludge-fly ash geopolymer at various compression 
energies. Lowland Technology International, 17, 147-156, DOI: 10.14247/lti.17.3_147. 
 References 
Aruna Ukwatta – PhD Thesis  256 
228. SUTAS, J., MANA, A. & PITAK, L. 2012. Effect of Rice Husk and Rice Husk Ash to Properties of Bricks. 
Procedia Engineering, 32, 1061-1067, DOI: http://dx.doi.org/10.1016/j.proeng.2012.02.055. 
229. SUTCU, M. & AKKURT, S. 2009. The use of recycled paper processing residues in making porous brick 
with reduced thermal conductivity. Ceramics International, 35, 2625-2631, DOI: 10.1016/j.ceramint.2009.02.027. 
230. SUTCU, M., ALPTEKIN, H., ERDOGMUS, E., ER, Y. & GENCEL, O. 2015. Characteristics of fired clay 
bricks with waste marble powder addition as building materials. Construction and Building Materials, 82, 1-8, 
DOI: http://dx.doi.org/10.1016/j.conbuildmat.2015.02.055. 
231. SUTHAGARAN, V., ARULRAJAH, A. & BO, M. 2013. Geotechnical laboratory testing of biosolids. 
International Journal of Geotechnical Engineering, 4, 407-415. 
232. SUTHAGARAN, V., ARULRAJAH, A., BO, M. W. & WILSON, J. L. 2008a. Biosolids as a Construction 
Material for Engineered Fills. 10th International Conference on Applications of Advanced Technologies in 
Transportation. Athens, Greece: National Technical University of Athens. 
233. SUTHAGARAN, V., ARULRAJAH, A., LAMBORN, J. & WILSON, J. 2008b. Geotechnical Testing to 
Determine the Suitability of Biosolids for Embankment Fill. Biosolids Specialty IV Conference. Adelaide, 
Australia. 
234. SUTHAGARAN, V., ARULRAJAH, A., WILSON, J. & BO, M. 2007. Field testing to determine the 
suitability of biosolids for embankment fill. 12th European Biosolids and Organic Resources Conference. 
Manchester, UK: Aqua Enviro Ltd. 
235. TAY, J. 1987. Bricks Manufactured from Sludge. Journal of Environmental Engineering, 113, 278-284, 
DOI: doi:10.1061/(ASCE)0733-9372(1987)113:2(278). 
236. TAY, J., SHOW, K. & HONG, S. 2001. The application of industrial sludge and marine clay in brick-
making. Journal of the Chinese Institute of Environmental Engineering, 11, 203-208. 
237. TAY, J. H. 1985. Sludge as brick making material. Proc. on New Directions and Research in Waste 
Treatment and Residual Management, 661-688. 
238. TAYLOR, G. D. 2002. Siliceous Materials and Ceramics. Materials in Construction; Principles, Practice 
and Perfornance. England: Pearson Education Limited. 
239. TOLEDO, R., DOS SANTOS, D. R., FARIA JR, R. T., CARRIÓ, J. G., AULER, L. T. & VARGAS, H. 
2004. Gas release during clay firing and evolution of ceramic properties. Applied Clay Science, 27, 151-157, 
DOI: http://dx.doi.org/10.1016/j.clay.2004.06.001. 
240. TOUROPIA. 2016. 10 Amazing Mud Brick Buildings [Online]. Available: 
http://www.touropia.com/amazing-mud-brick-buildings/ [Accessed December 1 2016]. 
241. UKWATTA, A. & MOHAJERANI, A. 2016. Geotechnical and chemical characteristics of ETP and WTP 
biosolids. Australian Geomechanics Journal, 51, 79-86. 
 References 
Aruna Ukwatta – PhD Thesis  257 
242. UKWATTA, A. & MOHAJERANI, A. 2017a. Characterisation of fired-clay bricks incorporating biosolids 
and the effect of heating rate on properties of bricks. Construction and Building Materials, 142, 11-22, DOI: 
http://dx.doi.org/10.1016/j.conbuildmat.2017.03.047. 
243. UKWATTA, A. & MOHAJERANI, A. 2017b. Effect of Organic Content in Biosolids on the Properties of 
Fired-Clay Bricks Incorporated with Biosolids. Journal of Materials in Civil Engineering, 29, 04017047, DOI: 
10.1061/(asce)mt.1943-5533.0001865. 
244. UKWATTA, A., MOHAJERANI, A., ESHTIAGHI, N. & SETUNGE, S. 2016. Variation in physical and 
mechanical properties of fired-clay bricks incorporating ETP biosolids. Journal of Cleaner Production, 119, 76-
85, DOI: 10.1016/j.jclepro.2016.01.094. 
245. UKWATTA, A., MOHAJERANI, A., SETUNGE, S. & ESHTIAGHI, N. Incorporation of Biosolids in Fired-
Clay Bricks. In: BOUAZZA, A., YUEN, S. T. S. & BROWN, B., eds. 7th International Congress on Environmental 
Geotechnics, November 10-14 2014 Melbourne Convention and Exhibition Centre. Melbourne, Australia: 
Engineers Australia (EA), 541-548. 
246. UKWATTA, A., MOHAJERANI, A., SETUNGE, S. & ESHTIAGHI, N. 2015. Possible use of biosolids in 
fired-clay bricks. Construction and Building Materials, 91, 86-93, DOI: 10.1016/j.conbuildmat.2015.05.033. 
247. USEPA 1992. Method 1311 - Toxicity Characteristic Leaching Procedure Cincinnati: U.S. Environmental 
Protection Agency. 
248. USEPA 2013a. Method 1314 - Liquid-solid partitioning as a function of liquid-solid ratio for constituents in 
solid materials using an up-flow percolation column procedure. U.S. Environmental Protection Agency, 
https://www.epa.gov/sites/production/files/2015-12/documents/method_1314_final_03-22-13.pdf. 
249. USEPA 2013b. Method 1315 - Mass transfer rates of constituents in monolithic or compacted granular 
materials using a semi-dynamic tank leaching procedure. U.S. Environmental Protection Agency, 
https://www.epa.gov/sites/production/files/2015-12/documents/1315.pdf. 
250. VAN DER SLOOT, H. A. & KOSSON, D. S. 2012. Use of characterisation leaching tests and associated 
modelling tools in assessing the hazardous nature of wastes. Journal of Hazardous Materials, 207–208, 36-43, 
DOI: http://dx.doi.org/10.1016/j.jhazmat.2011.03.119. 
251. VEISEH, S. & YOUSEFI, A. A. 2003. The use of polystyrene in lightweight brick production. Iranian 
Polymer Journal, 12, 323-329. 
252. VELASCO, P. M., ORTIZ, M. P. M., GIRÓ, M. A. M., MELIA, D. M. & REHBEIN, J. H. 2015. 
Development of sustainable fired clay bricks by adding kindling from vine shoot: Study of thermal and 
mechanical properties. Applied Clay Science, 107, 156-164, DOI: http://dx.doi.org/10.1016/j.clay.2015.01.017. 
253. WANG, H., BROWN, S., MAGESAN, G., SLADE, A., QUINTERN, M., CLINTON, P. & PAYN, T. 2008. 
Technological options for the management of biosolids. Environmental Science and Pollution Research - 
International, 15, 308-317, DOI: 10.1007/s11356-008-0012-5. 
 References 
Aruna Ukwatta – PhD Thesis  258 
254. WANG, M., HULL, J., JAO, M., DEMPSEY, B. & CORNWELL, D. 1992. Engineering Behavior of Water 
Treatment Sludge. Journal of Environmental Engineering, 118, 848-864, DOI: doi:10.1061/(ASCE)0733-
9372(1992)118:6(848). 
255. WANG, X., DADOUMA, A., CHEN, Y., SUI, P., GAO, W. & JIA, L. 2015. Sustainability evaluation of the 
large-scale pig farming system in North China: an emergy analysis based on life cycle assessment. Journal of 
Cleaner Production, 102, 144-164, DOI: http://dx.doi.org/10.1016/j.jclepro.2015.04.071. 
256. WARMAN, P. R., MUIZELAAR, T. & TERMEER, W. C. 1995. Bioavailability of As, Cd, Co, Cr, Cu, Hg, 
Mo, Ni, Pb, Se, and Zn from Biosolids Amended Compost. Compost Science & Utilization, 3, 40-50, DOI: 
10.1080/1065657X.1995.10701806. 
257. WARTMAN, J., GRUBB, D. G. & NASIM, A. S. M. 2004. Select Engineering Characteristics of Crushed 
Glass. Journal of Materials in Civil Engineering, 16, DOI: doi:10.1061/(ASCE)0899-1561(2004)16:6(526). 
258. WEIDEMA, B. P. & WESNÆS, M. S. 1996. Data quality management for life cycle inventories—an 
example of using data quality indicators. Journal of Cleaner Production, 4, 167-174, DOI: 
http://dx.doi.org/10.1016/S0959-6526(96)00043-1. 
259. WENG, C. H., LIN, D. F. & CHIANG, P. C. 2003. Utilization of sludge as brick materials. Advances in 
Environmental Research, 7, 679-685, DOI: Doi 10.1016/S1093-0191(02)00037-0. 
260. WEYANT, C., ATHALYE, V., RAGAVAN, S., RAJARATHNAM, U., LALCHANDANI, D., MAITHEL, S., 
BAUM, E. & BOND, T. C. 2014. Emissions from South Asian Brick Production. Environmental Science & 
Technology, 48, 6477-6483, DOI: 10.1021/es500186g. 
261. WHITTEMORE, O. 2009. Energy Usage in Firing Ceramics and Melting Glass. Materials and 
Equipment-Whitewares Manufacturing: Ceramic Engineering and Science Proceedings, Volume 15, 15, 180-
185. 
262. WIEBUSCH, B. & SEYFRIED, C. F. 1997. Utilization of sewage sludge ashes in the brick and tile 
industry. Water Science and Technology, 36, 251-258, DOI: http://dx.doi.org/10.1016/S0273-1223(97)00688-4. 
263. WOLFF, E., SCHWABE, W. K. & CONCEIÇÃO, S. V. 2015. Utilization of water treatment plant sludge in 
structural ceramics. Journal of Cleaner Production, 96, 282-289, DOI: 
http://dx.doi.org/10.1016/j.jclepro.2014.06.018. 
264. WUANA, R. A. & OKIEIMEN, F. E. 2011. Heavy metals in contaminated soils: a review of sources, 
chemistry, risks and best available strategies for remediation. Isrn Ecology, 2011, 20, DOI: 
doi:10.5402/2011/402647. 
265. XU, G., LIU, M. & LI, G. 2013. Stabilization of heavy metals in lightweight aggregate made from sewage 
sludge and river sediment. Journal of Hazardous Materials, 260, 74-81, DOI: 
http://dx.doi.org/10.1016/j.jhazmat.2013.04.006. 
266. ZHANG, L. Y. 2013. Production of bricks from waste materials - A review. Construction and Building 
Materials, 47, 643-655, DOI: 10.1016/j.conbuildmat.2013.05.043. 
 References 
Aruna Ukwatta – PhD Thesis  259 
267. ZHANG, Y. M., JIA, L. T., MEI, H., CUI, Q., ZHANG, P. G. & SUN, Z. M. 2016. Fabrication, 
microstructure and properties of bricks fired from lake sediment, cinder and sewage sludge. Construction and 
Building Materials, 121, 154-160, DOI: http://dx.doi.org/10.1016/j.conbuildmat.2016.05.155. 
268. ZHANG, Z. 1997. Energy efficiency and environmental pollution of brickmaking in China. Energy, 22, 33-
42, DOI: http://dx.doi.org/10.1016/S0360-5442(96)00078-3. 
269. ZHOU, C., DU, B., WANG, N. & CHEN, Z. 2014. Preparation and strength property of autoclaved bricks 
from electrolytic manganese residue. Journal of Cleaner Production, 84, 707-714, DOI: 
http://dx.doi.org/10.1016/j.jclepro.2014.01.052. 
270. ZHOU, J., LI, T., ZHANG, Q., WANG, Y. & SHU, Z. 2013. Direct-utilization of sewage sludge to prepare 
split tiles. Ceramics International, 39, 9179-9186, DOI: http://dx.doi.org/10.1016/j.ceramint.2013.05.019. 
 
